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Ku-Band Single-Channel Monopulse Antenna Assembly 


ABSTRACT 


This report presents the results of a research effort to develop a 
Ku-Band single - channel monopul se antenna with significant 
improvements in efficiency and bandwidth. A s ingle - aperture, 
multi-mode horn, utilized in a near-field C as segr ainian con- 
figuration, was the technique selected for achieving the desired 
efficiency and bandwidth performance, 

In order to provide wide polarization flexibility, a wire-grid, 
space-filter polarizer was developed. A solid-state switching 
network with appropriate driving electronics provides the receive 
channel sum and difference signal interface with an existing 
Apollo-type tracking electronics subsystem. 

A full-scale breadboard model of the antenna, consisting of a 
near-field feed network, circular polarizer, C as segrainian 
reflectors,, and tracking network, was fabricated and tested. 
Performance of the model was well within the requirements and 
goals of the contract. An overall antenna subsystem efficiency 
approaching 7 0 percent was shown to be achievable over a band- 
width of 1.25 GHz. Included in this report are the analytical 
bases of each of the components and of the antenna assembly, 
summaries of trades performed to determine optimum alterna- 
tives, and the test results obtained with each element and with 
the final antenna assembly* 
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Section 1 
INTRODUCTION 


The objective of this contract was to design, fabricate, and test a breadboard 
model of a single - channel monopulse feed and reflector assembly for opera- 
tion at K u -band, in support of earth-orbiting spacecraft. The antenna assem- 
bly is intended for the purpose of evaluation at NASA-MSC in conjunction with 
an Apollo type antenna electronics box and a breadboard K u -band transceiver. 

Single - channel monopulse tracking for communications antennas was success- 
fully developed at S-band for the NASA Apollo program. The driving force 
which led to the Apollo single- channel tracking development was the weight 
and power reduction made possible by the fact that no auxiliary receivers 
are required. While weight and power will not be quite as critical for future 
programs, they will remain extremely important considerations, and costs 
are becoming much more crucial. The elimination of auxiliary- receivers 
offers substantial cost savings. 

The radio frequency (RF) implementation oi the tracking techniques developed 
for Apollo at S-band cannot be utilized effectively at the higher frequencies. 

It was therefore considered judicious to develop a breadboard antenna model 
at Ku-band to assess the feasibility of a high- performance, wideband, single- 
channel monopulse system. 

It has been shown (Reference 1) that to achieve a specified value of antenna 
gain, an increase in antenna efficiency of 10 percent provides the perform- 
ance equivalent of a reflector diameter change which would result in a 
20 percent increase in structural cost. Also, the reproduction cost of a high- 
efficiency feed is comparable to that for a low- efficiency configuration, while 
the cost of reproduction of a reflector varies with the square or cube of the 
diameter. These considerations, when coupled with the obvious spacecraft 
penalties of increased weight and packaging problems attendant to increased 
antenna size, strongly justify design effort to optimize antenna efficiency. 


1 



The major requirements imposed on the antenna design included (1) maxim- 
ization of antenna efficiency; (2) flexibility to provide any combinations of 
left and right circular, or linear, polarization; (3) compatibility with Apollo 
antenna tracking electronics; and (4) wideband operation. 

The approach taken to meet these requirements was based substantially on 
the results of previous MDAC independent research studies aimed at per- 
formance optimization of space communication antennas* The antenna con- 
figuration selected consists of a multimode feed network with rectangular 
aperture horn., which provides the pattern shaping required for aperture 
efficiency and the genei^ation of monopulse tracking signals, an external 
space filter for generation of circular polarization, and near-field Casse- 
grainian reflector, A solid-state switching and phase - shifting network was 
developed to modulate the sum pattern with the elevation and azimuth differ- 
ence patterns for single- channel operation. 

Results achieved with this configur ation demonstrate the validity of the 
selected design approach. An aperture efficiency of 87 percent was attained 
over a bandwidth of 1.25 GHz, and an overall antenna subsystem efficiency 
approaching 70 percent was shown to be achievable for a circularly polarized 
monopulse tracking antenna, 

A lightweight antenna configuration, utilizing a graphite - epoxy composite 
material in a semi-monocoque construction, was designed. This type of 
construction offers a substantial weight reduction coupled with excellent 
thermal distortion characteristics. Design details of the lightweight antenna 
are provided in the report. 

This contractual effort was performed for the Telemetry and Communications 
System Division of the Manned Spacecraft Center, National Aeronautics and 
Space Administration, under contract NAS9- 13162. The technical monitor for 
the program was Mr. James S. Kelly of the NASA-MSC Electromagnetic 
Systems Branch. 
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Section 2 

ANTENNA DEVELOPMENT 


2. 1 CONTRACT TECHNICAL REQUIREMENTS 

The following technical requirements and specifications were imposed on the 
antenna assembly: 

A. Design must be flexible enough to support any combinations of right 
and left circular polarization for transmitting and receiving. The 
deliverable unitwill be assembled so as to transmit left and receive 
right. In addition, all of the necessary components will be provided 
to allow assembly for any combination of transmit- receive 
polarizations. 

B. As a design goal, the antenna assembly shall handle 50 watts 
(or greater) of transmitter power. Verification by test is not 
required. 

C. The design shall maximize transmit- receive isolation to the extent 
possible; however, special filters are not required solely for the 
purpose of isolation. 

D. Modulation level of error signal on the receiver channel sum signal 
shall be 20 ± 2 percent per degree within the 3-db beamwidth*. 
Modulation effects on the transmit channel shall be negligible. 

E. Switching voltages to be made available by MSC are +5, -50 volts 
at 50 iQZ Hz and 50 / -90° Hz supplied from an Apollo -type 
electronics box. 

F. Antenna and lobing system must be compatible with Apollo tracking 
electronics. 

G. Feed and lobing network are of prime importance. Efficiency of 
feed and lobing components shall be maximized. 


*The modulation level was changed at NASA- MSC request from 1 to 2 percent 
per degree within ±2 5 percent of the 3-db beamwidth at the outset of the pro- 
gram. The current specification was accepted as a design goal. 
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H. Pointing accuracy to be within the pattern 1-db beamwidths for both 
transmitting and receiving, including effects of tracking errors, 
beam misalignments, etc. 

I. No requirement is set for delivered system weight; however, the 
configuration selected must have potential of lightweight implemen- 
tation. The lightweight design data shall be provided. 

J. * Transmitter frequency: 14. 550 GHz to 14. 750 GHz 

Receiver frequency: 13. 500 GHz to 13. 700 GHz 

K. The antenna reflector shall be sized for a beamwidth of 1 to 
1 . 5 degrees. 

L. The delivered model is to be breadboard in nature. Components to 
be supplied include antenna reflectors, circularly polarized feed 
system, and combining and isolating components needed to provide 
sum and error signals and to isolate the transmit channel from the 
lobing switches. 

Z. 2 TECHNICAL APPROACH 

2.2.1 Subsystem Implementation 

The selection of an optimum design approach for a high- efficiency antenna 
subsystem involves the consideration of a variety of techniques and 
application- impo sed constraints. A previous MDAC Independent Research 
and Development (IR.AD) effort (Reference Z) included a trade study which 
determined the near-field multimode feed in a Cas segr ainian configuration 
to be the most promising candidate for achieving very high efficiency and 
wideband performance. A number of other candidates, including multiple- 
horn clusters, focal-plane matched feeds, scalar (corrugated) horns, 
dielguide, and far- and near-field, conical and rectangular multimode feeds 
were investigated in that study. Considering as primary parameters efficiency, 
bandwidth, and capability to provide monopulse tracking, the near- field 


*The operating frequencies were changed at NASA-MSC request early in the 
program. Original frequency specification was 15.Z190 GHz to 15.Z367 GHz 
for the transmitter, and 14. Z808 GHz to 14. 3008 GHz for the receiver. 
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multimode technique was selected* The rectangular aperture was chosen over 
the conical version mainly because of bandwidth characteristics and simplicity 
of the feed structure (References 3 and 4). 

The near-field multimode feed combines the beam- collimating properties of 
near-field feeds with the beam shaping and monopulse capabilities of con- 
trolled higher-order mode radiation. The Cas segr ainian reflector configura- 
tion offers operational convenience (i. e. , structural and packaging geometry) j 
flexibility in feed system design to properly use the near-field characteristics, 
and a longer effective focal length to optimize the monopulse tracking (Refer- 
ence 5). In addition, Cas segrainian antennas demonstrate (Reference 6) 
exceptional cross-polarization characteristics which increase cross- 
polarization efficiency as well as easing the achievement of circular polari- 
zation over a large bandwidth. 

It is obvious from the above that the various elements making up a high- 
performance antenna are very interdependent and cannot be considered 
independently, particularly the feed network and reflector elements. In the 
present design, the polarizer and tracking (single -channel monopulse lobing) 
networks are more loosely coupled to other system elements but, as will be 
shown in the following discussions, still have considerable impact on the 
other elements and the achievable results are degraded if any possible inter- 
actions are overlooked. 

2. 2, 2 Antenna Efficiency 

In this section, the terms relating to each aspect of antenna efficiency are 
defined. The ideal gain of a paraboloidal antenna, corresponding to zero 
spillover, blockage, losses, etc., and uniform aperture illumination in both 
amplitude and phase, is given by 

G = (1) 

° \ Z 

where A is the physical aperture area. The actual gain for the antenna is 
related to the ideal by an efficiency factor rj; 

G = ti G q (2) 


5 



In turn, r\ can be expressed as the product of a number of (not necessarily 
independent) factors, each corresponding to an effect which reduces on-axis 
gain. 




( 3 ) 


where 

*1 . is the primary feed amplitude illumination efficiency 
r\ <j is the primary feed phase illumination efficiency 
tj is the spillover efficiency 
is the blockage efficiency 
t| x is cro s s -polarization efficiency 

'H r 1S the paraboloidal reflector efficiency, including amplitude 
and phase due to surface contour and surface reflectivity 
is the hype rboloidal subreflector efficiency 

r ) a is the efficiency due to alignment error 

Tl m the feed mismatch or (VSWR) reflected energy efficiency 

ri e is the feed network efficiency, including ohmic losses and 
interactive losses within the feed. 


Additionally, a IT beamwidth efficiency 11 term a is defined as the ratio of 
measured beamwidth to minimum possible beamwidth. This term is related 
to a number of the above efficiency terms; it provides an excellent figure of 
merit for antenna performance. 


Each of these efficiency terms, their causes and effects as well as a deriva- 
tion of their maximum possible values, will be discussed in the section dealing 
with the primary influencing factor of that term. 
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2.2.3 Antenna Geometry 

The antenna specification requires a 3-db beamwidth of between 1 and 1. 5 
degrees. The beamwidth in a given plane of an antenna is given by 

BW = 5^' - degrees (4) 

a L) 

The smallest possible beamwidth of a circular aperture is 58. 5 degrees, 
assuming a uniformly illuminated aperture with no phase error or aperture 
blockage. At the center frequencies of the transmit (14. 650 GHz) and receive 
(13. 600 GHz) bands, a reflector diameter of 48 inches results in minimum 
beamwidths of 0.98 and 1. 06 degrees, respectively. It was desirable for the 
purposes of this effort to use the maximum reflector diameter consistent with 
the required beamwidth due to the related effects on blockage efficiency and 
small (in terms of wavelengths) subreflector diameter*. Naturally, this 
results in the highest gain within the beamwidth limitation. The other param- 
eter required to define the paraboloid is the focal length, F, or F over D 
ratio. To minimize the secondary spillover (Reference 7) past the paraboloid 
edges, a deep dish (small F/D) is desirable. The cross-polarized currents 
induced on a highly curved reflector leads to selection of a shallow dish 
(large F/D), The range of F/D values typically used is between 0.25 and 0.4. 

A variety of factors, including thermal distortion and packaging (compactness), 
are affected by the choice of F/D, but the criterion used for selection was 
primarily the effect on efficiency. (As will be shown later, the F/D selected 
on the basis of efficiency resulted in an excellent compromise of the other 
considerations.) 

In order to achieve the increased efficiency benefits available through the use 
of the near-field multimode concept, a number of constraints must be imposed 
over and above those normally encountered in a typical Cas segr ainian antenna 
design. These constraints consist primarily of fixed relationships between 
horn/subreflector spacing, horn flare angle, subreflector included angle, 


*In general, 1 degree is considered to be the maximum beamwidth for which 
the use of a Cassegrainian reflector system is justified. 
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etc. , which must be maintained to achieve the desired illumination and 
blocking characteristics. An attempt was made to determine an analytical 
expression to optimize these parameters, but the formulation rapidly became 
too unwieldly to be of practical use. Therefore, an iterative approach was 
adopted, in which a "best estimate’ 1 set of parameters was used to develop 
an initial design for which illumination and blockage characteristics were 
determined. Then deviations from the original parameters, both singly and 
in combination, were input in an iterative process to determine the resulting 
effects. In this way, visibility was maintained within the process so that the 
result of any particular change could be tracked. 


After a large number of iterations, a set of parameters and resulting char- 
acteristics were obtained which were deemed optimum. These parameters, 
if varied in any manner, yielded characteristics less desirable than those 
obtained with the optimum set. 

The antenna geometry utilized in the design procedure is shown in Figure 1, 
and a definition of the terms is given in Table 1. 


Table 1 

DEFINITION OF C ASSEGRAINIAN TERMS 


Paraboloid 

D - paraboloid diameter 

F - paraboloid focal length 

</ Q - paraboloid half angle 

K - F/D ratio 

p - polar coordinate of 
parabolic surface 

Feed 

h - total feed aperture 

s - feed/subreflector spacing 

lh - horn phase center/ 
aperture spacing 

Q - horn flare angle 


Hyperboloid 

d - hyperboloid diameter 
f - hyperboloid focal length 
p - hyperboloid axial length 
a - hyperboloid half angle 
M - hyperboloid magnification 
e - hyperboloid eccentricity 
a - hyperboloid equation constant 
B - linear blockage ratio 
\x - focal ratio 
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Fig. 1 Cassegrainian Geometry 
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A survey of pertinent published literature indicates the existence of a major 
unanswered question pertaining to near-field feeds (References 8 and 9, for 
example). The issue involves the nature of the phase characteristics in the 
near field of an aperture. It can be shown that, within the approximation of 
geometric optics, the near field of an aperture is collimated and planar 
(i. e. , of uniform phase) over the dimension of the aperture. Indeed, the 
collimation properties are the basis of the increased efficiency of near-field 
feeds. Such a uniform phase condition would require a parabolic subreflector. 
On the other hand, much of the near- field design effort has been based on 
considering the phase characteristic to be spherical, as it would be from a 
point- source feed. In this instance, a hyperboloidal subreflector would be 
required. It is quite possible that these two views are compatible, in that 
separate feed horn (and therefore "phase center") locations may exist which 
would provide equal performance with either form of subreflector. Some 
empirical data obtained tend to indicate such compatibility. A combined 
analytical and experimental effort should be performed in order to resolve 
this question, but was considered to be beyond the scope of the present con- 
tract. In any case, the phase measurements made on the current feed network 
design indicated a spherical phase front symmetrical about a unique phase 
center (see Section 2. 2. 4. 3), and the design proceeded on that basis and 
utilized a hyperboloidal subreflector. 

The systematic design process followed to determine the antenna design 
follows. The parameter values shown in the calculations are the final values 
resulting from the iterative process and used in the hardware design. 

D = 48. 00 in. (fixed) 

F = 14. 500 in. (limited variable) 

K = F/D = 0.3021 

i Q = 2 tan - 1 (D/4F) = 79.22 degrees 

d = 6. 30 in. (variable) 

B = d/D = 0. 131 The linear blockage ratio is usually chosen for 

minimum blockage of the feed and hyperboloid 
combination. On the near-field design, this ratio 
involves additional considerations. For maximum 
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spillover efficiency, the subreflector diameter 
should be as large as permissible, the horn and 
subreflector should be of comparable size, and in 
order to minimize blockage, the effective blockage 
area of feed and subreflector should be equal, d and 
1 h are two of the most important variables in the 

iterative process, 
h ~ 3. 577 in. (variable) 

= 4. 688 in. (estimated) This value for location of the h horn phase 

center was based on previous horn measurements. 
The phase center was assumed to be 1/5 the dis- 
tance from horn throat to apex. Measurements on 
the current horn determined the phase center to be 
approximately 1/4 the distance from the throat to 
the horn aperture, resulting in a value for of 
3. 2 50 inches which in turn moves the feed away 
from the subreflector, since the horn phase center 
must be placed at the forward focus of the hyperbolic 
subreflector. This feed location proved fortuitous in 
that it left room for the polarizer, which had not 
been considered in this phase of the design, without 
substantially increasing the blockage area, 
a - 13.50 degrees (variable) 

0 - a/0.85 = 15.88 degrees Optimum near-field subreflector illu- 

mination occurs for 9 ^a/0. 85, so that the 
subreflector included angle is slightly less than 
the feed horn flare angle. 


M = 


f 


^Ctna/2 = 6.992 


M+l 
M- 1 

B 


= 1.334 


= (Cot 4 + Cos a) = 0, 946 

l is. o 


M-F 


13. 720 in. 


= t — = 5. 143 in. 

Ze 
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b - 2 v4 2 -l = 4. 539 in. 

p = \/z 2 +b 2 -2 = 1.717 in. 

s = = 7.315 in. Reference 10 shows that the feed/subreflector 

spacing may be as great as d^/2\ without incurring 
significant loss. Larger spacings cause the efficiency 
to decrease rapidly. Using the lowest frequency of 
13. 500 GHz with a wavelength of 0. 87 5 inch, which 
corresponds to the worst case, the maximum allow- 
able spacing, Smax, is given by 

d 2 

Smax = — = 7.317 in. (5) 

An approximation to the resulting aperture blockage is given by 

A 'block“'- 025 <SV> 2 = 33. 8 in. 2 ,6) 

This blockage approximation was used to evaluate the results during the 
iterative design process. 


Figure 2 shows one aspect of the results obtained during the iterations. The 

data are plotted in terms of S/Smax versus Xo c R, variable parameters 

of h, d, and a given in that order. These three parameters, coupled with f n 

and f (which itself depends on several other variables) were adjusted to find 

the combination which provided the minimum. A without exceeding Smax 

block b 

The resulting antenna geometry is shown in Figure 3. 


The actual combined blockage of feed and subreflector is given by 

.2 


f+s 


= 4 


(O.-SinO.) + (h')‘ 
2 1 1 


- 34. 69 in. 


(7) 


where R - d/2, h is the projected blockage aperture of the feed (as shown in 
Figure 3) and 0^ is the angle of intersection of the feed and subreflector 
blockage, as shown in Figure 4. 
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The blockage created by the subreflector support struts is determined by 
calculating the strut projected area multiplied by an approximate factor 
which accounts for illumination taper effectivity: 


struts 


3 (r -r '} d 
sos 


x 0. 67-11. 35 in 


x 0. 67 - 3 |^(14. 50-3. 15)0. 5 

2 


( 8 ) 


The total blockage area is then given by 


A . = A r + 

block f+s 


struts 


46. 04 in. 


To determine the effects of blockage, the total blockage area is converted to 
an effective blocking diameter, d\ which is 7,66 inches. Then 


B 


eff. 


£ 

D 


0. 1595 


(9) 


The blockage gain loss is given by 

G b = -20 log ^l-ZB^ ff ) = 0.454 db (10) 

which results in a blockage efficiency of 90 percent. 

The final, as-delivered configuration is shown in Figure 5. The major differ- 
ence between it and that of Figure 3 is in the location of the feed and inclusion 
of the polarizer. Also, the diameter of the subreflector support struts was 
increased from 0. 5 to 0. 7 5 inch. Table 2 provides a summary of the blockage 
characteristics for both linear and circular configurations. It can be seen that 
inclusion of the circular polarizer substantially increases the blockage area 
and reduces the blocking efficiency by approximately 5 percent. Any sub- 
sequent iteration of this design would account for the polarizer from the 
outset, and the blocking efficiency of the circular polarized configur ation 
would be substantially improved. 
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Table 2 

BLOCKAGE SUMMARY 




Design 

Linear 

Final 

Linear Circular 

A. : 
f+s 

2 

Horn and Subreflector (in. ) ■ 

34. 69 

32. 23 

57. 09 

A : 

strut’ 

Struts (in.^) 

11. 35 

17. 49 

15. 81 

A Block : 

2 

Total Area (in. ) 

46. 04 

49. 72 

72. 90 

d': 

Effective Blocking Diameter (in,) 

7. 66 

7. 96 

9. 63 

B eff : 

Blockage Ratio 

0. 160 

0. 166 

0. 201 

G b : 

Gain Loss (db) 

0. 454 

0. 491 

0. 730 

V 

Blockage Efficiency (%) 

90. 0 

89. 3 

84. 5 


Parameters of the final antenna assembly are given in Table 3. It should be 
noted that the only parameter concerning the feed horn so far determined is 
the horn aperture, h. The remaining feed parameters will be developed in 
the following section. The parabolic equation defining the reflector surface 
is given by 


y - 4Fx 


(ID 


while the hyperbolic equation for the sub re flee tor is given by 


x - a 


( i +^V /2 -i 

Id 


( 12 ) 


A number of factors affecting the analysis and achievable characteristics of 
the near-field Cassegrainian configuration are dependent upon the size of 
reflector surfaces in terms of operating wavelengths. Much of the analysis 
used in the design process is based upon minimum values of 1 2 X. for the sub- 
reflector and 100\ for the reflector. Using diameters less than the minimum 
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Table 3 

ANTENNA PARAMETERS 


Reflector Diameter 48. 00 in. 
Reflector Focal Length 14. 50 in, 
F/D 0. 302 


Parabolic Equation y = 58x 

Feedhorn Aperture 3. 577 in. 
Feedhorn/Subreflector Spacing 7. 32 in. 
Hyperboloid Diameter 6. 30 in. 
Hyperboloid Focal Length 13.72 in. 


Hyperboloid Equation x 


5. 1431 



diameters results in a lessening of achievable efficiency. Both the subreflec- 
tor and reflector diameters of 7. 2\ and 55\ are substantially less than the 
minimum values. Effects of smaller diameters result primarily in greater 
spillover and edge diffraction, smaller allowable horn/subreflector spacing, 
Smax, and greater blockage ratio. An increase of reflector diameter, there- 
fore, would increase several of the efficiency factors. As will be seen in the 
results achieved, performance degradation due to this cause appears to be 
slight, except for the effective blockage ratio. 

2. 2. 4 Feed Network 

The advantages to be derived from the use of a near- field multimode feed are 
threefold: 

A. Beam- collimating properties of the near field, which results in 
reduced spillover and, hence, higher efficiency. 

B. Beam- shaping properties provided by use of higher-order wave- 
guide modes in addition to the basic lowest order mode. Utilization 
of these modes allows tapering of the normal TE^ ^ mode E- plane 
aperture distribution to increase illumination efficiency, as well as 
providing odd-order modes for development of monopulse tracking 
signals. 
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C. Simplicity and compactness of the single- aperture feed which 

decreases aperture blocking, and lack of much of the usual sum 
and difference monopulse circuitry and its associated losses and 
bandwidth limitations. 

The first two of these advantages are shown graphically in Figure 6, which 
depicts the typical efficiency improvement available through the use of this 
type of feed (Reference 8). 

In this section, the analysis and development of the near- field multimode 
feed are described. 

2 . 2.4. 1 Near-Field Characteristics 

It has been shown (Reference 11) that the energy radiated from an aperture 
of diameter D is constrained within an imaginary n tube ,r of the same diameter 
as the transmitting aperture out to a distance of approximately D 2 /2\. In this 
radiating near field, which extends from several aperture diameters to some- 
what less than 2 D^/\, the radiated energy is collimated; i. e. , it does not 
exhibit the typical 1 /r 2 spatial dispersion encountered in the far field. The 
radiation pattern is essentially a reproduction of the electric field distribu- 
tion within the aperture, and the intensity is cyclically variable with axial 
distance. By placing the feed horn with respect to the subreflector such that 
the subreflector fills the collimated beam, spillover efficiency can be signif- 
icantly increased over that obtainable with more conventional feeding methods, 
and by tailoring the distribution in the aperture, optimum illumination of the 
subreflector can be achieved for high illumination efficiency. The inclusion 
of capability of propagation and coupling of odd-order modes also provides 
the difference patterns for monopulse tracking. These functions are all per- 
formed in a single- aperture feed which is inherently broadband and relatively 
small for reduced aperture blocking. 

The aperture efficiency which can be achieved with near-field feeds has been 
determined by Fresnel field analysis (Reference 10). The portion of interest 
of the curves of efficiency degradation, a, versus horn/subreflector spacing 
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as determined in that analysis are given in Figure 7. The spacing is given in 
terms of Raleigh distance, or fraction of 2 D^/\, and curves are presented 
for several aperture distributions. 

Aperture distributions used in the Fresnel analysis are of the form 

E = B + (1 - r) k (13) 

where r is the normalized aperture radius p/^ 9> and R is the illumination 
edge-taper, or pedestal height. The curve labeled *n m represents the maxi- 
mum efficiency that can be achieved with a given set of parameters as deter- 
mined by Kay*s (Reference 12) formula for the ratio of maximum power 
transmitted through a given area of space to the total power radiated from the 
aperture. The curves of Figure 7 have been normalized to r l max in Figure 8, 
which gives the aperture efficiency achievable for the various distributions*. 
The general characteristic of these curves outside the region shown is a rapid 
asymptotic approach to the well-established far- field values as the spacing is 
increased beyond 0.4. For the two tapered distributions shown, which are 
indicative of all reasonable aperture tapers, the efficiency decrease attendant 
to spacings greater than 0.2 to 0.25 illustrates one factor leading to the 
establishment of an Smax of d^/2\. It is interesting to note that uniform illu- 
mination (B-K-0) does not provide maximum efficiency in the near field as it 
does in the far field. 

As will be shown in the following section, the aperture distribution obtained 

with the multimode horn has approximately a 10 -db edge taper and a pattern 

0 7 5 

shape very nearly given by E - 0. 462 + (1 ) * , with a spacing equivalent 

to 0. 29 in Figure 8. Using a linear extrapolation for the value of K with the 

curve given for the 10 db, K - 1 distribution, an illumination efficiency of 

2 

92 percent is determined. If the spacing had been d /Z \ as mandated in the 
system design process of the previous section, an illumination efficiency of 
approximately 96 percent would have been obtained. This is a fairly drastic 
example of the Smax criteria. 


* The efficiency term as used here includes only that due to illumination 
distribution and spillover at the subreflector. 
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2. 2, 4, 2 Multimode Feed Network 

The use of the near-field technique for improved feed efficiency requires that 
the feed pattern be rotationally symmetric and virtually sidelobe free. These 
feed attributes are extremely beneficial in any feed system, but are perhaps 
more critical in the near-field arrangement and must be achieved if the 
expected efficiency is to be attained. A dominant-mode (single, lowest-order) 
feed does not possess these characteristics; beamwidths are considerably 
different in the E and H planes, and sidelobes are relatively high, particularly 
in the E-plane. 

Typical near- field dominant-mode horn patterns are shown in Figure 9, where 
the rotational asymmetry and E- plane pattern distortions are quite evident. 

The aperture field distribution which gives rise to the radiation patterns are 
shown in Figure 10. It can be seen that the H- plane distribution is tapered in 
a cosinusoidal fashion, producing the narrow and smooth H-plane pattern, 
while the E-plane distribution is uniform, providing the broader, scalloped 
pattern with appreciable sidelobes. 

The E-plane aperture distribution can be modified by the addition of higher- 
order modes to closely approximate the H-plane distribution, resulting in the 
desired pattern rotational syrrmnetry and elimination of sidelobes. This can 
be accomplished with a variety of mode configurations, constrained only by 
the required waveguide cross section for mode propagation and waveguide 
lengths for appropriate mode phasing. The simplest mode configuration which 
accomplishes the desired effect requires the inclusion of TE 1 - and TM, 
modes in addition to the TE^ ^ mode. As will be seen from the pattern results 
achieved, this combination provides adequate pattern- shaping capability, and 
inclusion of higher- order modes would only increase feed dimensions and 
complexity. The combination of TE, and TM modes, designated the 

i , ^ 1 , Lu 

^SEj 2 mode, are shown in Figure 11, as are the results of combining the 
LSEj ^ mode with the TE^ One characteristic of LSE type modes which 
must be considered is that there is an axial component of the field which does 
not exist with the more common TE and TM type modes. This will be dis- 
cussed in a later section. 
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Fig. 9 Dominant Mode Near-Field Patterns 
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Fig. 10 Dominant Mode Aperture Distributions 
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The feed pattern distribution of the combined TE^ q and LSE^ ^ modes is 
given by (for Q - polarization) 


77 4> 


10 + 1,2 (9 ’* } = Cos 24 + P C ° S 

9 9 max 


77<J> 


24 ^ 


max 

_ 


Cos 


T70 


max 


iX 


(14) 


where (3 is the ratio of ESE^ ^ to TE^ ^ mode amplitudes and X is the phase 
difference between the modes at the feed aperture. Calculated E-plane pat- 
terns, for several values of [3, are shown in Figure 12, along with an H-plane 
pattern for comparison. It can be seen that (3 = 0. 5 results in an almost per- 
fect match between E- and H-plane s. The patterns of Figure 12 were calcu- 
lated on the basis of an optimum phase relationship between the modes. 
Figure 13 shows the effects of varying the relative phase, X, on pattern 
shape. X is given in terms of length of the waveguide phasing section. Rela- 
tively small changes of guide length are seen to produce fairly large altera- 
tions of pattern shape. Variations of guide length at a fixed frequency are 
analogous to variations* of frequency with a fixed length when considering 
phasing characteristics, so that the data of Figure 13 are indicative of feed 
bandwidth. Converting the phase length variable to frequency results in a 
bandwidth expression, as depicted in Figure 14. Naturally, bandwidth of the 
feed is limited by the overall length of the feed, and Figure 14 was based on 
an estimate of the length required for inclusion of monopulse tracking cou- 
plers. A nontracking feed, or one which required less space for tracking 
couplers, would exhibit considerably greater bandwidth. 


A generalized block diagram of the multimode feed network is shown in 
Figure 15. The orthomode transducer is a convenient way of introducing two 
orthogonal linearly polarized fields into a single waveguide, while maintain- 
ing excellent isolation between the two. All desired polarization within the 
feed network is linear, with circular polarizations being developed by a 
network external to the feed. For purposes of discussion, the internal fields 
of the transmit channel will be considered as horizontally polarized, and the 
receive channel as vertical. The output of the transducer is a square guide, 
and the square shape is maintained throughout the remainder of the feed so 
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GENERALIZED FEED NETWORK 

Fig. 15 
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that orthogonal linear polarizations are available for polarization flexibility 
and transmit- receive isolation. The square dimensions have now been deter- 
mined for each end of the feed network; the horn aperture, h, was determined 
in the system geometry design, and the network entrance, aj, by the aperture 
of a commercially available orthomode transducer, which in this case is 
0. 5 62 inch. 

Generation of the LSE^ ^ m °de is conveniently accomplished with a symmet- 
rical step discontinuity in guide size. A Fourier analysis of the fields in the 
region of the discontinuity (Reference 13) provides a method of determining 
the ratio of the mode amplitudes, the results of which are shown in Figure 16. 
Generation of the desired value of (3 = 0. 5 requires a step discontinuity ratio 
of 0.78. 

Constraints on the implementation of the discontinuity ratio are governed by 
the waveguide size required for propagation of desired modes and cutoff of 
any higher order undesired modes. The desired modes include the TE n , 

TEj and TM^ ^ f° r the sum patterns and TE ? TE^ and TMj ^ for 
the tracking functions. Included in the lowest-order undesired modes, those 
whose cutoff wavelength is only slightly greater than the cutoff of desired 
modes, are primarily the TE^ TE^ TE^ y and TM^ The cutoff 

wavelength \ for modes m, n in a square waveguide of dimension a is given 
by 


K 

c 

m, n 



(15) 


and is shown in Figure 17. The minimum value of is determined by \ c ^ ^ 
at the longest wavelength of interest ( 0 . 875 inch), and is 0. 97 5 inch. The 
maximum size, set by ^ at the shortest wavelength ( 0 . 801 inch), is 

1.132 inches. 


'-Tn some applications, the TE 3 q mode may be beneficial. It may be used to 
widen the peak of the H-plane keamwidth appreciably, which results in a 
smaller value of k in Equation (13) and somewhat greater possible aperture 
efficiency. However, inclusion of this mode increases complexity and 
severely limits bandwidth to the extent that its use did not appear appropriate 
for this application. 
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Several factors affect the selection of guide dimension a 3 within the range 
determined above, but in the interest of bandwidth and attenuation the largest 
possible vaLue (a 3 = 1. 132 inches) was selected. A tapered waveguide section 
is then required between the exit aperture of the orthomode transducer 
(0. 562 inch) and the horn throat (1 , 132 inches) . Then “ 0. 78a3 = 0, 884 
inch. 

The remaining feed network dimension to be determined is the length of the 

phasing section required to achieve the proper, in-phase condition of the 1,0 

and 1,2 modes at the horn aperture. Ignoring for the moment any relative 

phase shift introduced by the tracking couplers, the relative phase velocity 

of the 1, 0 and 1,2 modes in the square guide and horn sections of the network 

must be determined. The phase shift Ad incurred as the mode traverses 

m, n 

the horn is given by the expression 


Ad 

m, n 


Cot0 




-1 


- tan 



+ tan 



(16) 


Ad values for the 1, 0 and 1, 2 modes, and the relative phase shift between 
them, Ad ^ o 1 2' are S* ven Table 4 for the previously determined network 
parameters. At the center frequency, there is a phase difference of 180 
degrees, with approximately a ±10 degree variation at the band edges. This 
requires a relative phase shift of 90 degrees within the phasing section to 
achieve the desired mode phase characteristics, since the two modes origi- 
nate in phase quadrature at the step discontinuity, with the higher-order 
mode lagging the fundamental mode. 


Length of the required phasing section can then be determined from 


_L_ -_i_\= 90- 
* 1,0 %.z) 


(17) 
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Table 4 

HORN INSERTION PHASE 


Mode 


Frequency (GH 

z) 


13. 5 

13. 7 

14. 125 

14. 55 

14. 75 

1.0 

1726. 3° 

1753. 1° 

1810. 1° 

1867.0° 

1893. 8° 

1,2 

1535. 2° 

1565. 8° 

1630. 3° 

1694. 0° 

1723. 8° 

0-1,2 

191. 1° 

187. 3° 

179. 8° 

173. 0° 

170. 0° 


where z is the length of guide between the step discontinuity and horn. The 
two shortest values for z are 0. 57 5 and 2. 874 inches* These values neglect 
any insertion phase characteristics of the tracking mode couplers which must 
be located in this region. These effects and the required length adjustments 
were determined experimentally. While it is desirable to keep the network as 
short as possible for bandwidth consideration, it was doubtful that the shorter 
length could physically accommodate the necessary tracking ports or allow 
for their insertion phase. 

Figure 18 summarizes the analytically derived dimensions for the feed net- 
work, which were used for fabrication of a prototype unit. The prototype was 
built in modular form, as shown in. Figure 19, so that the length of the phasing 
section and location of the tracking couplers could be varied in an optimization 
process* In the foreground are shown several configurations of tracking cou- 
plers which were investigated during this development, and which are 
described in Section 2. 2. 4. 4* 

2, 2* 4. 3 Phase Center Determination 

Precise determination of the feed horn phase center is required for proper 
location of the horn in the near-field Cas segrainian geometry in order to 
achieve maximum efficiency. Substantial difficulty was encountered in obtain- 
ing the phase measurements with the desired degree of accuracy, primarily 
due to the use of commercial antenna positioners and inclement weather. 
Extensive modification and realignment of the positioners satisfactorily over- 
came the mechanical problems, and resulted in an estimated phase measure- 
ment accuracy of approximately ±2 degrees. Measured phase countours 


35 



N 





CR10 
SM 54 7064 



Figure 19. Prototype Feed Network 



versus axial displacement with respect to center of rotation is shown in 
Figure 20. The near-field measurements were performed by rotating the 
feed horn relative to a fixed, open-end waveguide; therefore, a spherical 
phase front emanating from a phase center coincident with the center of 
rotation produces a measurement of constant phase. The axial location 
designated as zero was taken as the phase center of the horn, i. e. , the 
apparent center of a spherical phase front. This corresponds with a point 
3, 2 50 inches behind the horn aperture. It can be seen that the phase pattern 
is quite spherical over a range exceeding the angle, a , required for sub- 
reflector illumination, and efficiency degradation due to feed phase error, 
should be extremely small. 

A conflict in interpretation of phase center and phase front characteristics for 
near-field feeds was pointed out in Section 2 . 2 . 2 . Although no attempt was 
made to resolve that conflict, examination of the data in Figure 20 leads to 
the conclusion that the two views are compatible. Based on past experience 
and previous far-field measurements on similar horns, the phase center was 
estimated to be between the horn throat and apex, 4. 688 inches behind the 
horn aperture. This indicates a difference of h 438 inches between the 
estimated and measured phase centers. If the phase front is actually planar 
in the near field, measurement by the technique utilized would produce 
circular phase variation when the phase center is axially displaced the proper 
distance from the center of rotation. The extreme curves of Figure 20, -1.5 
and +1.1 inches, indicate trends toward such circular phase variations. If 
such is actually the case, the conflict does not exist and the choice of which 
n phase center' 1 to use would be decided by which type of subreflector is 
desired, a paraboloid for the planar phase configuration or an hyperboloid 
for the spherical phase configuration. As previously stated, the spherical 
phase front interpretation was accepted and a hyperbolic subreflector was 
used in conjunction with a phase center location 3. 250 inches behind the horn 
aperture. 

Utilizing the geometry determined in Section 2. 2. 2, in conjunction with the 
phase center location described above, near-field patterns of the feed network 
were measured. The first set of measurements was made with no tracking 
couplers in the network so the data are comparable to values determined by 
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Equation (17). Results of these measurements are summarized in Figure 21 , 
which shows the effects of varying the length of the phasing section on E- plane 
patterns of port 1. Assuming that the optimum-mode ratio, (3, has been 
achieved, proper phasing length provides an E- plane pattern identical to the 
H-plane. The data of Figure 21 show the proper length to be between 2 , 70 
and 2. 85 inches; a linear interpolation of magnitudes at the subreflector edge 
indicate an optimum value of 2. 80 inches. Insertion of this value for z in 
Equation (17) results in a phase shift of 78. 5 degrees, which is considered 
excellent agreement with the analytically derived value. The 11. 5 -degree 
discrepancy is attributed to tolerances in waveguide dimensions, insertion 
phase of the horn, and discontinuities within the waveguide due to the modu- 
lar elements utilized. 

As discussed earlier, the tracking couplers will introduce phase shifts in the 
network which have so far been neglected and which will require adjustment 
of length of the phasing section for optimum performance. Therefore, the 
configuration of the tracking couplers must be determined before the network 
length can be finalized. It will be seen, however, that the relative insertion 
phase of the tracking couplers, particularly the LSE^ ^ coupler, is dependent 
on axial position of the couplers, while the optimum coupler location is also 
dependent upon overall length of the network, requiring extensive iterative 
measurements to determine the optimum configuration. 

Z.2.4.4 Tracking Couplers 

Conventional monopulse tracking feeds use a four -horn cluster, or more 
complex equivalent, to derive the tracking function. The four horns separate 
the received signal into four parts from which two orthogonal angle tracking 
signals are developed in microwave summing and subtracting networks. It 
has been shown (Reference 14) that, in a suitably sized feed network, the 
odd -order (unsymmetrical) field distributions required for angle tracking are 
excited in any feed which is illuminated by an off-axis source. The two modes 
of interest for tracking are the TE and the LSE (TE + TM ) modes. 

y £* I f 1 A J A A f 1 

Each of these are lower order than the ESE^ ^ inodes which the network was 
sized to accommodate for pattern shaping reasons, so the tracking modes will 
also exist in the network. The field distributions of the two modes are shown 
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Fig. 21 Phasing Length Effects 



in Figure 22. A variety of couplers would appear to be suitable for extraction 
of each of these modes. Shunt, or axially oriented, slots are the type most 
commonly preferred due to their lesser impact on the fields within the network 
as compared to series, or transverse, slots. Therefore, all original prototype 
designs utilized shunt coupling slots. Several of these coupling sections were 
shown in Figure 18. Consideration of the desired modes shown in Figure 22 
would indicate minimal difficulty in satisfactorily coupling to those modes, but 
inclusion of the sum modes (Figure 10) which exist in both polarizations, and 
cross -polarized difference modes which may be excited due to illumination 
polarization, polarizer imperfections, or any discontinuity within the feed 
network, consider ably complicate the is sue. Also, it was determined early 
in the development process that axial location of the difference mode couplers 
was quite critical. This is to be expected, since the step discontinuity appears 
as a short circuit to all but dominant-order modes, and the higher modes all 
propagate at different velocities within the larger guide section, creating 
interference patterns among any of these modes which are coupled- 
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Elevation Difference 
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Azimuth Difference 


TRACKING MODE FIELD DISTRIBUTIONS 
Fig. 22 
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The TEq ^ coupler is reasonably straightforward. A dual, shunt-slot on the 
waveguide centerline, as shown in Figure 23, was utilized in the IRAD version 
of the feed network. This dual -slot configuration, connected through a hybrid 
tee, has the advantage of separation of the desired signals from any even-mode 
signals present. Even-mode signals are coupled to the unused and terminated 
port of the hybrid tee. Excellent azimuth difference plane patterns were 
obtained with this configuration; however, use of the dual slots, with the 
attendant requirement for the hybrid tee and interconnecting waveguides, con- 
siderably and unnecessarily increases the mechanical complexity of the 
device. Several of the couplers intended for use with the LSE^ ^ modes also 
provided satisfactory azimuth difference patterns when rotated 90 degrees from 
their normal position but these also required the undesirable combining hard- 
ware. The single -slot configuration of Figure 23 provides equally good differ- 
ence patterns, as long as the slot is kept reasonably narrow and precisely on 
the guide centerline, and eliminates the need for combining hardware. The 
resulting difference pattern is shown in Figures 24 and 25. The digital contour 
plots, such as Figure 25, are maps of the radiated field over a solid angle, 
with field intensity shown in decibels. Taken in half-degree incremental steps 
(and occasionally in tenth -degree steps for very fine grain data), they proved 
extremely Useful during the development effort, particularly for the LSE^ ^ 
coupler. These fine -grain data readily showed pattern perturbations which 
indicated undesirable mode coupling and which might have easily been missed 
with only principal plane or more widely spaced analog patterns. An indication 
of the axial-spacing dependence is shown in Figure 26 . These data, taken 
with only the TE^ ^ coupler in the network, show the limits of the values of 
on-axis port 1 sum magnitude to port 3 azimuth difference peak ratios. The 
scatter of the data points was due to varying overall network length and fre- 
quency throughout the receive band. These data clearly show the requirement 
for careful location of the difference couplers. No discernible effects of this 
difference coupler on sum channel characteristics were found, other than a 
minor relative phase shift which requires only a change in length of the 
phasing section of the network. 

Satisfactory performance of the ESE^ ^ coupler was considerably more 
difficult to achieve than was the case with the TE^ ? coupler. The difficulties 
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encountered were due to the inability to find a coupler which responded only 
to the mode desired. The shunt-slot couplers investigated are shown in 
Figure 27. These couplers, together with several variations and com- 
bining networks, failed to produce the required difference patterns. Inter- 
action with other modes and polarizations caused a variety of pattern 
characteristics which made the patterns unacceptable. An example of 
interaction of the LSE ^ ^ and TE^ ^ modes with indications of weak coupling 
to 1, 0 and/or 1,2 modes in a single coupler is shown in Figure 28. Four 
and even more, lobed patterns were commonly produced by the shunt couplers. 

The hesitancy to adopt transverse slot couplers, as Figure 27c, for the LSE. 

' > * 

mode was due to the fact that such slots couple equally well to the LSE mode 
utilized in shaping of the sum patterns as they do the desired difference modes. 
This results in a strong dependency of both transmit and receive sum patterns 
on difference coupler properties. 

Elevation-difference patterns obtained with the transverse slot coupler of 
Figure 27c combined through the H arm of an E-plane folded hybrid tee are 
shown in Figures 29 and 30. Effects of axial location of this coupler were 
much less than those encountered with the TE_ y coupler, as shown in 
Figure 31. On the basis of the difference patterns only, this coupler con- 
figuration appeared quite satisfactory. 

It quickly became evident that port Z sum pattern characteristics were being 
affected quite seriously by this difference coupler, due primarily to undesired 
coupling to the LSE^ ^ mo ^ e * Such sum pattern dependence multiplied greatly 
the number of measurements and consider atiorrs required for determination 
of the final configuration. An E -plane folded hybrid tee is used to combine 
the energy from the two transverse coupling slots and produce the required 
difference pattern. This tee has two output ports; one port, the H or side 
port, produces the difference of the two incident signals and the other, E or 
straight port, produces the sum. The H arm is the port which is used for the 
pattern. Measurements made on previous difference coupler configurations 
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showed only negligible energy at the E arm and, therefore that arm was 
terminated and rarely sampled. Measurements on the network with the 
transverse slot coupler showed a degradation of sum pattern shape at the 
transmit frequencies and also a drop in efficiency of that channel. It was 
determined that appreciable transmit channel energy from the LSE mode, 
which is cros s -polarized to the receive channels, was being coupled to the 
E arm of the tee and wasted in the load. The effect of this LSE _ coupling 
on port 2 patterns is presented in Figure 32. 

The signals of the transmit LSE^ and receive LSE^ modes have phase 
characteristics such that all LSE 1 mode energy appears at the E arm of the 
tee, while LSE ^ ^ energy appears at the H arm, as depicted in Figure 33. 

This results not only in the transmit channel efficiency drop but also the 
disturbance of the sum patterns, and requires that the E arm of the tee be 
treated as a major consideration in further development. While this condition 
is undesirable in that is presents another variable and further complicates 
the development effort, it does not, as will be seen below, degrade performance 
of the final feed network. 

By placing a waveguide short at the proper position on the H arm, the LSE 1 
energy can be reflected back through the tee and reintroduced into the feed 
network in the proper phase without disturbing the LSE difference pattern 
characteristics. Figure 34 is a plot of port 2 gain versus the position of a 
variable waveguide short on the H arm of the tee. While the absolute value 
of the short location depends upon axial position of the difference coupler, 
this plot serves to depict the substantial impact of short position on port 2 
pattern characteristics. No interaction of the variable short with port 1 or 
port 3 patterns was found. 

Construction of the difference couplers utilized to this point precluded simul- 
taneous placement in their individually optimum locations, as determined from 
Figures 24 and 31. A combined coupler, with both sets of slots, was therefore 
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fabricated. Measurements were then made, varying overall length, coupler 
location and the position of the short on the LSE combiner tee. The 
optimum feed network geometry, as depicted in Figure 35, was determined 
from these measurements. 

Patterns of each port of the final configuration are presented in Figures 36 to 
39, for the center and band edges of the respective frequency bands. In 
Figure 36, the H-plane pattern is included for comparison with the E -plane 
patterns. It can be seen that at the lower edge of the transmit frequency 
band, 14. 550 GHz, the E-plane pattern closely matches the H-plane pattern 
as desired, while at the higher frequencies there is appreciable pattern 
mismatch. This would appear to require merely a shorter phasing length to 
accomplish pattern balance, but such a change only aggravated the situation 
on the transmitter port and also degraded the receive sum port patterns. 

This characteristic was observed to a greater or lesser degree, in all 
patterns of feed network configurations which included the ESE^ ^ tracking 
coupler, suggesting some form of interactive mode coupling in the transverse 
slot pair. This appears to indicate a bandwidth limitation (in terms of 
efficiency) for configurations utilizing this type of tracking coupler, but that 
limitation falls beyond the 1. 25 -GHz bandwidth for which this network was 
designed. The phasing length was selected, in this case, to produce equal 
dispersion of the 14. 650- and 14. 750-GHz E-plane patterns from the H-plane 
pattern at the edge of the subreflector (a = 13.5 degrees). 

The receive sum patterns, port 1 shown in Figure 37, demonstrate a good 
match between E- and H-plane patterns across the receive frequency band. 
The H-plane pattern is identical to the E-plane at the center frequency of 
13.600 GHz and remains within approximately 1 db throughout the frequency 
band and well beyond the subreflector illumination angle. 

The elevation difference pattern, port 3, which is produced by the ESE 1 
coupler, is seen in Figure 38 to be virtually frequency invariant, the only 
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Fig. 35 


Optimum Feed Network Geometry 
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Beam Angle - Degrees 

Fig. 38 Port 3 - LSE- . Difference Pattern 



Beam Angle - Degrees 

Fig. 39 Port ^ - TE Difference Pattern 



dissimilarity occurring is the height of the shoulder which appears around 
30 degrees off axis. The azimuth difference patterns, port 4, produced by 
the TE^ single -slot coupler, are seen to vary in gain but not pattern shape 
across this frequency band. The pattern nulls of both couplers are totally 
frequency invariant, within measurement accuracy, throughout the bandwidth, 
a characteristic not often found in tracking networks of other types. The 
peak magnitudes of both sets of difference patterns are slightly lower than 
those obtained with separate couplers; this could most likely be improved 
with further effort on coupler location. The difference pattern levels 
achieved, however, are quite adequate for the desired sum-to-differ ence 
ratios. This configuration was selected as the design for the deliverable feed 
network. 

2. 2. 4. 5 Deliverable Network Implementation 

A brief survey of techniques appropriate for fabrication of the feed network 
was performed upon determination of the final configuration. Internal 
intricacy and required tolerances substantially limit the available approaches; 
investment casting and electroforming emerged as the two best methods. Even 
for a single unit fabrication, casting was the preferred approached from a 
technical point of view, but 16- to 18 -week minimum delivery schedule for 
such a casting made that method unacceptable. Therefore, it was decided to 
electroform the feed hardware. Although the electromagnetic performance of 
the resulting network was excellent, the electroform process did not prove 
entirely satisfactory. The vendor encountered unexpected tooling and proc- 
essing difficulties which resulted in nearly 7 -week slip in delivery. Addi- 
tionally, the part was comparatively heavy, and required several 
post-electroforming operations which resulted in local deformities in internal 
network dimensions. For these reasons, the investment casting approach 
would be highly recommended for any subsequent fabrication. Photographs 
of the electroformed network, with the orthomode transducer, LSE^ j com- 
biner network and polarizer attachment lugs installed, are shown in 
Figure 40. 
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Figure 40. Electroformed Feed Network Assembly 
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Results of port 2 gain versus LSE. . combiner short position measurements 
are presented in Figure 41. There is an obvious difference in the optimum 
short positions for each frequency, indicating that the LSE^ ^ coupler 
produces a prime limitation on the bandwidth of the network. The best com- 
promise short position occurs at 0. 337 on the variable short micrometer 
with a port 2 gain loss of 0. 1 db at the center frequency and 0. 5 db at the 
band edges. The variable short was then measured on a network analyzer 
to determine electrical length, and a fixed short was machined to provide 
that length. 

Figure 42 depicts the VSWR characteristics of the various ports of the feed 
network. The VSWR achieved in the deliverable unit was somewhat poorer 
for each port, particularly ports 2 and 4, than those obtained with the pro- 
type unit. This can likely be attributed to the internal deformations in the 
tapered section of the feed which occurred during brazing of the mounting 
ring. The VSWR of port 1 remained below 1.4:1 throughout the receive fre- 
quency band. Port 2 is 1.8:1 or less across the trasmit band, which is con- 
siderably higher than expected from earlier prototype measurements. The 
VSWR of this port was quite sensitive to location of the LSE^ ^ combiner 
short; as would be expected, the short location whicn optimized pattern 
characteristics also provide the best VSWR. VSWR's of the other three ports 
were essentially independent of the short location. The output port of the 
LSE combiner shows a maximum of 3:1 at the lower edge of the band, 

1 f * 

dropping to nearly 1,5:1 at the upper edge, although the single -slot VSWR 
was reasonably good lor each slot of the pair. The TE^ ^ output, port 4, 
approaches 2:1 at the lower band edge, appreciably worse than for the proto- 
type unit* It is felt that the VSWR characteristics of each port could be 
improved considerably v/ith further effort in that area. 

The near -field patterns of the deliverable feed network (Figures 43 through 56) 
are nearly identical to those of the prototype unit, but do indicate a slight 
difference in mode phasing characteristics. The receive sum patterns of 
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Fig. 1*3 Port 1 - Receive Sum Patterns 
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Figure 46. Port 1 - Cross Polarized Pattern Map 
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Figure 50. Port 2 Cross Polarized Pattern Map 
























00 


on 

TCPC*** 
ps***? 1 
*3425 Z3Z. 
*23 23 22 2* 

SI 24 24 24 * 
423 23 2323 
>373 23 237’ 
?Z 22 22 2222 
22 2221 2121 

24 2323 23? 
Z3 232J 25 
?? 27. 22 71 
2272 2Z2S 
11. 212!? 

23 73 232322 
73 22 222222 
?? 22 222221 
2121 21 21 21 
21 21 21 21.21 

22 2221 21 2 
21 21 21 21 3 
?f?l 2I202C 

21 202)20 2T 

S2Q.2QJ9.5 

2(20 2020 2] 
502020202! 
3)20 19 19 13 
19 19 IS 19 19 
19 19 19 (8 18 

E2D?I2I ? 
>03020202 
19 1920203! 
19 19 19 IdZC 
ia is 19 is 

22 23 23 25 2E 
2I2Z23WZ 
21 21 2Z2J25 
00 21 ?22i* 
302Q2I 322 

Z7 39 3?35S 
Z7 29 31 34 3( 
27 78 31 34 31 
K2B5)33a 

40 STB 30 3 
4Q36 32P9P0 
4036329920 
39 35 3? 29 Z7 
39 3S 31 2D 27 

27 26 2S 24 23 
?6 25 24 2521 
38 25*12) 22 
25 24 23 222 
25 242322ZI 

23 222221 2lf?l2l 21212 
22 72 21 21 21 21 21 21 ZIP 
2221 21 Pi 2(b) 2320 21 2 

21 2l2r®20E03)ZOraZ 

P2P? 23 232 
?1 2222227: 
2(21 E?za 
3)21 2121 7 

MW24 75Z 
2323 3424* 
7! 23 Z3 24 * 

227373232 
22 2? 22 222 

S25S2S2! 
*124 24 24 21 
M 24*24* 
2i PS 23 2325 

23 25 PS PC* 
***** 
***** 
232323732 

P5PS2S2627 
*25 2538*! 
24*Z5SZS 
?3***?S 

77 

77 

>6 


S3 23 7>7?7< 
TSZiZtH 2 
22 2: 21 21 Z 

2221 212133 
?J 2120 202) 

71 21 21 21 2 
W 21302020 
1120 20 20 2Q 
020 302019 
0 19 IS IS 19 

?l ?l 21 21 2Q 
D20M2030 
50?O?0 20 ?( 
19 19 19 19 19 
IS IS 19 19 JS 

035 3)2023 
03)2020 19 
020 19 1919 
19 19 19 19 J9 
19 19 19 18 18 

D 19 19 19 IS 
(9 19 19 IB 18 
19 19 19 13 IB 
IB 18 18 19 IB 
19 IB 1717 17 

19 ta IB 18 18 
18 13 IB (8 18 
18 ra 17 i/i/ 
17 17 17 17 17 
17 17 17 17 17 

IB IB 18 ia 
ib - is ia i 
(7 ir i7 ia ie 
17 17 17 17 IE 

I92Q?'2?T 
19 3320 21 ?P 
19 (9 2D 21 
\t, 19 1920 2 

2426 29 32S 
24 2529 3? 31 
2325 2037 31 
232528 31 3C 

3934 3028 26 
29 34 30 Z7 26 
3)3430 27 25 
3)34 3027 23 

24 23 ?2 ?22t 
24 23 2221 21 
X 7i22ZIJ0 
232 22.2030 

7320 70.7] 19 19 19 fd 1919 

>0 20 id id id id 19 id id 19 

ra Id id 19 19119 id id Id IS 
19 19 Id ra 18 18 18 ia IB 13 

>5 203) T 1 21 
(9raZ0ZD20 
I9I9Z0 20 
(9 19 192020 

21 ?l 22 7>Z 
21 PI 21 ?! £ 

30 2(21 2(2 
■0202021 2 

??PPP?222 
2? 23 22 2? 22 
21 21 21 21 Zl 
21 Zl Zl 21 21 

277222227. 
22 7222222 
2) 21 Zl 21 2 
21 21 21 21 ? 

22 22^,23* 
7277722321 
21 722222 71 
?l 21 ?? 72 

* 

k 

23 

23 

15 

2120203333 
03320 19 19 
D2D 10 19 19 
O !9 19 19 IB 
19 !9 19 13 IB 

9 19 19 19 19 
9 19 19 (8 18 
6 18 18 IB 18 
6 16 18 IS IS 
6 18 17 IT IT 

IS IS 19 19 19 
13 IB 1818 IB 

8 IB 18 13 IB 

9 IB 1717 17 
17 17 1717 1/ 

8 18 IB (8 16 
8 16 13 IB 17 
IB IB 17 IT 17 
17 17 17 17 17 
17 17 17 17 17 

ia it i7 it i7 
17 17 17 IT IE 
IT 17 16 15 IG 
IE IG (6 IG IE 
IS 18 16 16 (5 

(7 17 16 16 16 
16 16 16 IB 16 
16 16 16 15 15 
151515 IS IS 
15 15 15 (5 T5 

IE 16 16 IT 11 
16 16 16 15 i 
15 IS IC. 16 IC 
15 15 IS 16 IE 
15 (5 15 IS IE 

1718 1920? 
17 18 10 1920 
17 17 18 1920 
16 1716 1920 
16 17 IB ifl 19 

22WZ/30 3E 
T2!M2G3Gy 
2? 2326 29 A3 
?l 73252953 
21 22252dS3 

39 34 30 27 25 
33 3429 26* 
38 3129 26* 
38332926 23 
ST 32 29 2G 2: 

Z52IP0Z0I0 
22212019 18 
72 P! 19 018 

22PQ 19 IB (fl 

2>a»i9'0 ie 

19 IB ifl 18 lajifi 18 13 16 m 
IS ia 17 17 17 r7 1/ 17 17 IS 
18 T7 IT 17 17 IT 17 17 17 17 
17 17 17 17 17 16 1617 (7 17 
17 IT 16 16 16 16 16 Ifi 17 17 

Id 19 1919 19 
13 11(8 19 19 
17 IB (8 IB 19 
1/ 17 ifl 18 IS 
17 17 IR Ifl IB 

19 ZO 20 20 3D 
19 1919 19 PO 
Id Id 19 19 19 
18 19 19 19 19 
IB Ifi Id 15 Id 

raporarapQ 
502020 20 2C 
19 19 !9 19 19 
19 19 19 Id 19 
19 Id Id Id Id 

>0?020203C 
30»za2DK 
(9 19 19 (9 IC 
Id Id Id Id Id 

70202121 21 
20 20 28 21 ?i 
M hi XI X) 21 
Id 19302020 

2 

?l 

ii 

19 19 16 16 13 
Id 13 IB IT IT 
8 18 17 1717 
8 J7 IT IT 17 
IT 17 17 16 15 

/ 1717 17 17 
17 r r 17 17 it 
7 171616 16 
1716 15 IB IB 

lUEJfilSig. 

17 17 17 17 17 
17 17 17 17 J7 
16 16 J6 16 16 
161515 1616 
16 tG 16 (G 10 

17 17 17 16 16 

17 16 IS 16 16 

18 16 1) 16 16 
IB 16 16 IS 15 
16 |$ tS 15 a 

1616 1515 IS 
16 IS IS IS IS 
15 15 15 » 14 
IS IS (G 14 14 
15 14 14 M 14 

IS 15 IS 14 14 
14 K (4 14 14 
14 14 14 !4 14 
14 14 14 13 15 
13 J3 13 13 13 

14 15 IS >S 15 
M 14 14 15 IS 
14 14 14 M 
13 14 14 M 
13 J3 13 13 14 

JG )G 17 IB 19 
16 (6 IT ra 19 
IS IG 17 17 !9 
15 lb 16 17 IB 
14 15 EG IT IB 

20?>PS28S 
ra PT24ZT A 
20 2224?7 3C 
?9 ?l 2327 3 
1921 232G29 

36322025 
36A27Z52M 
34 322325 27 
3* 31 27 34 22 
53 3127 24 21, 

2' ra id Fa ir 

2i 13 IB 17 17 
20 19 18 (7 16 
X) 19 Ifl 17 16 
Id Ifl 17 IE Ifl 

17 18 (6 r6 16 16 16 16 16 16 
1616 IG IS IS IS ISIS 1616 
(6 15 IB 15 15 15 IS IS 15 16 
IG 15 !5 IS IS (S IS 15 15 15 

17 (7 IT 17 Ifl 
IE 17 17 1/ 17 
16 IE 17 17 17 
16 IE 16 171/ 

<0 ie ir ia 'p 

■0 IB 1013 IB 
17 17 Ifl (9 '8 
(7 171/ IT 17 

58 18 10 18 ifi 
18 13 <B 16 ifl 
18 17 (7 17 17 
17 17 17 IT 17 

18 16 16 '0 IS 
18 IS IS Fa IB 
IT 17 IT IS 
17 17 17 IT 17 

19 19 ID 13 PO 
ifi 19 Id 19 Id 
10 13 IB 19 '9 
10 '3 'B “"'fl 

0 

» 

ra 

10 

IT 17 16 JE 16 
IT IS 18 16 IS 
£ 16 16 IS IS 
6 16 15 18 IS 
16 15 15 15 W 

16 16 ISIS IS 
15 15 IS 15 15 
15 (5 IS 15 15 
15 14 r4 14 14 
H14 M 14 14 

15 IS 15 15 15 
15 15 15 15 15 
15 IS 15 15 15 
14 14 14 |4 14 
14 14 14 14 M 

IS 15 15 15 '5 
15 IS IS 14 14 
15 14 W M 14 
14 14 14 14 15 
14 14 ISIS 13 

14 14 14 13 13 
14 14 13 13 13 
M 13 13 13 12 
13 13 12 1? 12 
13 12 12 12 12 

r? t2 it n 

(2 12 II II II 
2 " ll llll 
II 1) IP Id 10 
M 111? 10 id 

13 13 13 12 13 
13 I? 12 12 12 
12 12 12 12 12 
12 IZ 11 11 II 
II II II 11 II 
M ll ' II II 
11 ID 10 Id 10 
!0 10 10 10 Id 
Id 10 9 9 9 
Id 9 9 9 a 

12 13 13 13 13 
12 12 12 13 13 
12 12 12 12 13 
INI 11 1? 12 

Mini ii ip 
ii ii 

:0 1C Id 11 1 
Id 10 It 10 I 

9 9 9 Id c 
9 9 9 9 10 

14 IS 15 IG IT 
13 14 15 IS 17 

15 14 IS IG 17 
13 13 14 I.S IE 
12 (3 HUUfi 
12 12 13 M 13 
(1 '* 13 14 15 
11 12 12 13 15 
Ii II 1? 13 14 
LO-il 12 12 14 

idra?^^ 
•B 20 -'?Z520 
'0POr??G29 
1? 19 222520 
17 19 *g<a 
17 19 21 MI7 
16 1820 
ig ib?o ?*ro 

IG IB?) :<27 
15 17 ai 2327 

33 3(2' 73 ?!' 13 IB 17 15 15 
AiJOK^POilS 17 IG 15 (5 
i” 3d?6 ) ! 2d|r8 17 16 15 IS 
31*125 ??20j(8 17 16 <5 14 

aiaauBjaiufiMja 

3r 26*121 I9JI716 15 14 13 
3027*121 (8ll7 (5 14 13 13 
3027 C* ?o ifl; <7 (5 1413 13 
SOPS.-’*) 1716 14 13 1312 
2925 22.2 17115 14 131212 

15 14 Id W I4ll4 M 14 14 14 
14 14 M IZ I3|I3 IS 13 14 14 
k 14 13 13 13 13 13 13 13 14 
13 13 13 13 12 IZ 12 13 1! J3 
1313 12 i?l5l)2(2 12 Iii2 
13 1? 12 12 I2il2 12 12 12 12 
12 12 IZ 1! lljll II 11 11 12 
IP 12 il (i Mill 1111(1 |? 
12 r II a 11 l« II l( 11 ri 

ii ii m r, i:> id id io .r n 

IS IS IS IE ( j 
14 15(5 1516 

14 14 (5 IS IS 

15 14 (4 14 IS 

12 13 (3 14 H 
J2 12 IS JS IS 
12 12 IS 13 13 
11 1212 (2 IS 
il II i: 12 12 

IG IG 1." IT 17 
IB IE 1$ Ifi 16 
IG 16 IG IG IG 
15 (5 IS 15 IS 
JSJ&i5.l5_ ! i 
14 14 15 IS 15 

14 14 « 14 M 
13 14 W 14 54 

15 13 13 13 13 
12 13 IS 13 J 1 

1? r6 16 16 16 

IE 16 IG 16 16 
16 If. IG 16 IS 
15 IS 15 15 (5 
15 [515 £515 
IS IS 14 14 M 
14 M14 14 W 

14 Id H 14 14 
13 13 13 13 T3 

15 IS IS !S IS 

16 16 IE TE 17 
IG (4 16 E6 IE 
15 15 15 IE 16 
15 (5 15 15 (5 

V '7 17 '8 "1 
16 17 17 17 '0 
lb IE 17 17 >7 
TS 16 16 17 17 

V 

e 

B 

7 

15 IS W 14 14 

16 14 14 14 IS 
is 14 14 js a 
14 14 12 12 12 
14 13 13 !3 1? 

14 13 13 13 13 
IB 13 13 IB 13 

15 13 13 13 13 
2 12 12 12 12 
2 12 12 12 12 

13 13 13 J3 13 
13 13 13 13 13 
13 12 12 12 12 
12 1? 12 J2 J2 
12 12 K 12 1? 

13 13 13 13 12 
15 13 12 12 12 
12 12 12 12 12 
1212 1? 12 II 
(l ll II 11 II 

14 14 14 14 14 

14 14 H (4 14 

15 (3 E3 <5 14 
13 (3 IS 13 13 

IS 15 IS IE IE 
M 14 15 IS IG 
M 14 (S 15 IS 
tS 14 14 14 \S 

7 

6 

6 

5 

5 

13 13 13 12 12 
12 13 12 12 12 
12 12 12 12 1! 
312 12 ri i' 
i2 12 11 H tl 
KJ2 l; 11 II 
»P 

12 '• l( ll ID 

II ll h mo 

1' M II TO 10 

212 12 ll ll 
n II II II II 
II Ii 11 II II 
11 ll II II II 
11 11 X TO 10 

10 To' 10 10 >6 

10 10 10 10 :C 
10 10 (0 JO 9 
10 10 |0 5 9 
io ro g 9 9 

II II 11 II II 
II II 11 II II 
ll II ll ll 11 
IS ID 10 10 10 
ID 10 10 10 10 
10 10 10 10 10 
io io io io ra 

9 9 9 9 9 
9 9 9 9 9 
9 9 8 9 9 

llll M 11 II 
11 il II II >0 
1 1 10 >C 10 w 
10 10 ID IC 10 
10 id Id 10 g 
10 10 9 0 9 
9 9 9 9 9 
9 9 9 9 9 
9 9 9 9 9 
9 9 S S 3 

ii i : -c ic '0 

C IC IC 9 9 
0 10 9 9 5 
a 5 9 9 9 
9 9 9 9 8 
9 9 9 6 e 

9 d a 6 e 
m g e 
c a a b £ 
e 8 a a 7 

9 9 9 9 9 
9 9 9 8 8 
9 0 6 3 3 
« 1181 
3 8 6 6 3 
3 fl B 7 7 
3 7 7 7 7 
7 7 7 7 7 
7 7 7 7 7 
J. 7.7 7 7 

9 9 9 9 9 
B 8 9 9 9 
£8969 
00 9(9 

e U » s 

7 T 3 E 8 
7 7 7 B 8 
7 7 7 7 6 
7 7 7 7 8 
7 7 7 7 6 

10 1' tl i: 13 
10 10 11 12 13 
9 10 1 1 12 13 
9 i: i: 11 13 
9 .9 '0 J5 
9 9 ID II 12 
a j io ii r 
B 9 -5 r 12 
6 9 9 10 12 
8 9 3 >C 11 

15 17 ld:'Z7 
(S 17 19 KX 
15 16 (■» ??26 
14 16 '9 722E 
J4IG'8Z'?5 
r4 IG 'fi ?' Pfi 
14 '6 'fi f Pfi 
13 IS l?2l?4 
13 '6 '8 ?> a 
13 (S IS Z>25 

2925 21 Id If 15 14 13 1? H 
P925Z ra 16 k 13 •” [2 H 
2925?' 8 I5| 14 13 12 II H 
29WP0-2 16! 14 13 '* 1' .1 
28242)17 IS M Z ll C W 
PftP’20 IT 1913 1 10 

^. ’19 |7 15(13 1? i Id 
26 ’ 19 16 1411312 1' 1 3 
?’ • .915 I5il3 1? t IC g 
c> T i Id IS l4f 13 12 ' r. 9 

n 1 1 io io nlio io idio i 
n *c ic ic nlioio io ic ra 

v: io r. 9 d|d 9 d /. io 

10 9 9 919 9 9 9 |0 

io» 9 9 d;9 j 9 9 a 

9099999999 
9 -) 93806699 

9 9 a e 8’a e a a d 
nisiiiH9 
9 fl a B 8| a b 8 a a 

IP 12 

II II II |n 
10 10 II 1! II 
'0 10 ID H ( 
'" 10 10 10 J' 
9 ■; r - 10 
9 0 -CIO '•■ 
9 9 9 ", (0 
9 0 9 IC IC 
9999 C 

12 12 13 13 13 
12 IZ IZ IZ IZ 
II '- 12 1212 
(1 II ' 1212 
II II II II 11 
i‘ II Ml ir 
19 '-llll l> 
ra io <• II |i 
10 1 10 10 Ii 

io io io io 

13 IS 13 13 13 
IZ IZ IZ IZ 12 
12 12 12 12 12 
12 IZ 12 IZ 12 
1! II M Fl II 
II II II ll II 
1' II 11 II II 
II 11 M ll II 

linn io 
10 IC IS 10 10 

12 12 12 12 12 
12 JZ 1? 12 IZ 
IP IZ ip <2 12 
12 IZ IZ 12 IZ 
II h II (. J 
ii ri it ‘ 

n 

n n n n i 
10 IDIO II I 
ID IC IC : : 10 

13 13 (3 14 (4 
12 12 IS IS 14 
12 12 1313 13 
IZ IZ IZ 13 IS 
JUZJil2.l3 
ii n ip r2 13 
1 ' 1 1 12 IZ IZ 
II (1 nr 12 

ii ii ir iz iz 

n li ll i i r- 

S 

4 

4 

4 

5 
3 
3 
3 
3 
2_ 

0 

ll II 19 10 10 
ll II Id 1010 
1 : 1 1 10 10 10 
II II 10 1010 
1 1 'C 10 10 Id 
IV ii ib 10 to 
II 1 19 10 13 
II ' ID 10 10 
1 1 1 1 19 10 10 
II II 10 10 10 

10 9 9 9 9 1 
9 9 9 9 9 
9 9 9 9 9 
9 9 9 9 9 
9 9 9 9 9 
9 9 9 9 91 
3 9 9 3 91 

9 9 9 3 91 
3 5 9 9 3 1 

10 9 9 9 5, 

9 9 9 9 9 
H 9993 
9 9 9 9 9 
9 9 9 9 9 
9 9 9 8 9 
9 3 9 9 9 
9 9 9 9 9 
9 9 9 9 9 
S 9 9 9 9 
9 9 9 9 9 

9 9 9 5 3 
9 9 9 8 8 
5 9 2 GB 
9 9 6 8 6 
9 9 8 6 3 
9 9 B B 8 

mu 

9 9 6 6 8 
S 9 9 B 8 
9 d 9 d fl 

0 8 6 8 7 
■1 6 5 7 7 
a C 8 7 ? 
a 8 7 7 7 

0 6 7 7 7 

1 5 7 7 7 
9 9 7 7 7 
9 0 8 r 7 
a 0 8 T 7 
3 9 8 7 7 

r 7 7 7 7 7 
7 7 7 7 7 
7 7 7 7 7 
7 7 7 7 7 
7 7 7 7 6 
7 7774 
7 T 7 7 7 
7 T 7 7 7 
7 T 7 7 7 
7 7 7 7 7 

7 7 7 7 7 
7 7 7 7 7 
7 7 7 7 7 
7 7 T 7 7 
7 7 7 7 7 
S 7 ”7 7 7 
7 7 7 7 7 
7 T 7 T 7 
7 7 7 7 7 
7 7 T T 9 

8 3 9 ID Ii' c 15 17 zb? 
8 8 9 ID IHJ 15 |7? 25 

8 3 9 ID ! 1' ) 14 IT ?l 25 

8 a 9 10 ||'I3 IS 172' 23 
fl 3 9 10 l ^3 IS 17 21 H 
'fl' 9 9 ID . t'3 1417 25* 
fl B 9 10 H 1315 (7 ?l H 
8 9 9 10 11113 IS 'B ?'2G 
8 9 9 10 ll| [3 15 r Pi 25 
6 9 10 io I2IIS 15 I7XIZ 

P7?2'S 16 Id 13 fl •' 9 

Z7 22 19 TG 1^13 (' Id 9 9 
27 22 'B IG MZ ' 10 ID 9 
27 2216 IG 14! 12 : 10 $ 9 
Z7??'B 16 I4'l2 '10 9 9 
?'??' 8 (5 IS rr r: 9 9 
?7 ?Z'B 16 1412 ‘ 10 9 d 
2 7 2210 IG 1412 ' I’. 9 9 
/ 7 22'B16WI2 'H099 
27 ??‘B 16 14 IL ' ' 1'. 10 <t 

9 8 8 8 6 8 0 8 3 0 

b 8 a a g a a fl a s 

iHBMHiM 

i n m m s a 
a b b a b,b a 8 fl a 

0 E B 0 E 3 118 1 

B fl 3 6 8 9 0 0 9 

868 3 689888 
3 1 8 1 1 9 9 9 81 
95838.(3168 

9 9 3 9 ID 
8 9 9 9 9 
8 9 9 9 9 
1 3 3 9 9 
6 9 9 0 0 
59939* 
1 9 9 9 9 
B 9 9 9 9 
fl 0 9 9 1C. 
0 9 9 9 "-I 

10 ID :)<9 

IC :d ic io 10 

10 IQ 10 10 IC 
IC 10 IC IC ID 
Id 10 >0 ic io 
r io io io io 
ic io id "> ra 
10 IC. 10 (0 10 
(0 to IC •, 10 
10 IC Vj so IL 

ia io 10 12 n 
jo ro io io <o 

12 10 r ID 1" 

mo i: ioici 

ID 10 JO to I V 
(0 10 10 10 
10(0 10 ) 
IC 10 .9 ioi 
EC 10 10 IC Id! 

io n io i: 10 

10 10 J" If. IC 
1010 : 10 
ra io it ra w 
ic .iDinc 
10 10 ID Id ic 
io ic ic id rf. 
(0 ■: ra 'c r 

19 10 ' 10 IC 

id id io ic r: 

10 ID « (0 10 

< ii n n i2 

to 11 (llll? 
>7 II II II 1? 
10 1 1 1 1 11 F? 
10 n 11 II l*i 
ib i* u ii r 

10 II II tl l?'l 

i* (i ii ii et 

11 n ir n ip 

II 11 lit' 12 1 

2 

z 

2 

2 

2 

z 

12 

IP 

12 

IP 

5 

11 IMOIO 13 
1' II 11 10 1C 
I nil DIO 

12 INI II 10 
12 II il II ll 
12 l?fl 1- II 
12 12 12 II n 

12 12 12 11 II 

13 13 12 12 1? 
13 13 12 12 12 

0 9 9 9 9i9 9 9 9 9 

» 10 9 9 9.9 9 9 9 9 

0 10 10 10 10i9 9 9 9 9 

o i: so is iota io ic io io 

0 10 10 10 IQ'IO 10 10 10 ■o 
riCirriDIO'TUTOHTTO’C 

1 II ll it ill o n ID 10 io 

I ll fl 11 ri ll ll ll ll ll 

1 r ll II ll ll H 11 II ll 

2 r2 ll ii n il n ii ii ii 

3393) 

9 9 9 9 9 
9 9 9 9 9 
•C ID 9 9 9 
Id ID 10 9 5 
DITTO TO 9 

Id 10 10 10 
J1 II Id 1010 
1' II 11 ll idrl 
ll 11 llll III 

6 8 6 6 7 

8 8 8 8 7 

9 8 0 8 0 

9 9 e » a 
9 9 0 8 9 
9 9 9 t 8 
9 9 9 9 9 
IC 9 9 9 9 
Id JO to 9 *> 
Id id to (Cl 9 

7 7 T 7 7 
7 7 7 7 7 
7 7 7 7 7 
0 7 T 7 7 
0 B 7 7 7 

n 8 a s 
0 0 8 0 0 
9 8 4 9 5 
5 3 5 9 1 
9 9 9 9 9 

7 7 7 TB 
T 7 7 T 0 
T 7 7 8 3 
7 7 8 8 3 
7 7 B 8 3 
19 16 4 
Bases 

6 a B 9 9 
9 9 9 9 9 
9 9 9 9 10 

B 9 10 li 12 I3i5ia 
B 9 Id n I2M3IS 8 
9 9 Id (I 17' 13 IS 1^27 
9 9 10 ll IZ 14 16 '3 2 Z6 
9 9 10 ll 1314 16 13 2227 
9 l r H 12 It 14 16 19 2? 2? 
9 10 I- 12 131416 1?) 21 
OV ll i; J3H5 17 19 ?'Z7 
19 || *1 12 J3 lS 1720 «?1 
Id • r? 13 M! IS ic?o : j 2t 

27 ?2'B IG KI3 I ' 10 15 9 
P/2'lfl 16 1413 •' r '■ 9 
27 : >is i6 wi ; <' hi 9 
: r 2?'B IG 141! IZ nib 
27 C '716 1^13 1? II Id 10 
20 2; 19 ?7 15 13 CM 1 lO 
27 2’ 13 IT 1514 1? IS (1 'Cl 
2iV 17 1514 13 1? Id 
Jd-ra 17E6I4 13 1? 1' ll| 
29»? IT 15,14 13 r 1' ll| 

988908908 S 
9 8 6 9 3 8 8 B 6 8 
9 3 683*8319 
9998986899 
9998368399 
9993339399 
W 0 d S 0 9 9 9 9 10 

Id •* 9 9 9 9 9 9 10 10 

jc iQ iQ rarv io r n o 

M - r r io.- n ic io 

9 9 9 10 Id! SO 1010 10 10 

3 9 9 Id IC *C 10 1'. ID 0 

9 d 10 10 I0.it II 11 11 11 

9 9 l' (D IC.H ll i( il ri 

9 r.11) '". (I II II (! If II 

id 10 ic K nil n n n Fl 

•'n li ll II llll IP 12 12 

10 10 II II 11 11 12 12 1212 

12 IZ 12 12 12 

|i II 11(7 I2jl2 IZ 12 12 12 

J ID 10 10 IC' 

id ic io io ic; 

ll (' II 11 ", 

lt( 

II 11 1' 1! 11; 

11 ll I! II 11 
(2 1212 12 |(. 
IZ 12 12 IZ 12 
1? 12 12 IZ 12 

12 12 12 12 12 

!|v IC IC 10 1 

10 1' 10 'C il 

11 II 11 II II 
II II II 11 M 

ir n if ii ii 

II M II II ll 

11 iini? 12 

12 IZ 12 12 12 
1? 12 12 12 12 
12 12 12 12 12 

IF II II IP !2jl2 
II II IMP 12 13 
M IMS 12 12 13 

11 IZ IZ 12 13-13 
KIP 12 12 (3 IS 
IP 12 12 13 13 13 

12 121! IS 1SII4 
J2 IP 13 IS 14.14 

12 13 13 IS 14 14 

13 13 13 M W.II5 

1° 

wins b is 

14 13 13 12 13 
E4 14 14 15 13 

15 14 14 14 12 
5 14 M 4 14 

5 IS 15 14 i4 

6 in is 15 14 
'6 16 IS 15 15 

6 16 16 15 15 

7 19 16 16 IS 

■Hf ftl:TTs 
7 17(716 15 
B 17 17 17 16 
B '8 17 1717 
B '8 IB 17 17 
4 '8 18 iB 18 
13 19 ig IB '8 
3 19 (3 19 '6 
020 19 19 19 
020 IS IS 19 

2 12 12 (2 12 
3 (5 12 13 13 
3 13 13 13 13 

3 13 13 13 IS! 

AKVTkUft 

4 M 14 '4 14 

5 M 14 SO 14 
5 1515 IS 15 
4 15 15 15 15 

2 12 12 12 12 
2 12 12 1.' 12 
B 13 13 13 ' 
3 13 13 IB 13 
4"f?T4T4T5 
W 14 14 14 14 
14 14 14 14 14 
5 15 15 15 15 
515 15 ISIS 

2 1212 12 I'jll 

2 1212 12 1212 I II II II 

3 13 13 12 I2|l2 12 II Ml 
3 1313 13 I3IIZ 12 IZ II |l 
HT47I T3~13|TST3'12 12 !2 
HH 14 13 13 IS IJ I? 1712 
14 14 14 14 1413 13 13 13 12 
5 IS IS 14 1414 14 IS 1313 
S 15 15 15 I5|l4 14 H 13 13 

TTTTTT 

io io io s a 

10 Id 10 IC 10 
n h ic io io 

11 11 l: 11 II 
IN' II 11 H 

12 

1? 12 1? (Z 12 
13 12 12 1? 12 
13 13 13 1? 12 

'19 9 id 7 J 
9 9 r 10 V) 
Id 10 10 10 II 

io io i ii ri 
n n ii ii ii 
if ri inr r? 

11 M 1! 12 12 
l£ 12 12 12 13 

12 12 12 13 13 
12 13 Ii 13 13 

i' r IZ 15 (4^15 '6? 25 3! 
|l I.' 12 I3IS.IE rfl 2 *2! 
III? 13 14 1517 Id? 25 3C 
U? 12 13 14 16 IT Id 2123 3 

12 1313 14 161/20 !?'?? 1 
BBW&« , *2D23M r S 
1313 14 '5 17 820 )'27 7 

13 14 IS Ifl I7 1 11 2‘ WP? T 

13 M 15 16 8’IJ 2 *128 3 

14 15 IS 17 18, '9 21 Pit* 

»? ST 8 16 15 M 13 IP 12 1' 1 ■ M II r H) II Ii (1 11 

3125? 19 IT'S 14 13 13 12 IZ 1' ll II 1' U II II J1 ll 

3325 ?i 19 171615 14 13 12 12 12 ll 1' M (1 II 1' 12 12 

3)25 2 •' 19 B, 16 15 14 1 3 IS ) 1? 12 12 (2| (2 12 12 12 12 

rrre r s 2o r it '5 H rf isfj ii e 12 ttb 12 (2 1? a 

22 26 <B 17 16 ri M 1313 J3 12 12 12 12 12 12 IA 13 

3)?7 P-21 I9< 17 6 IS 14 I4U 13 13 13 13.13 13 13 IS 13 

3'.Z8?i ? 19KB 16 16 15 1414 14 13 13 13 IS 13 13 13 14 

'tPCPC 2' <9jl3 17 IG IS qi4 14 W 14 I4|H 14 14 k \‘ 

Fl IL 12 12 (3 13 13 13 13 15 

(2 12 12 13 13 IS 13 14 14 14 

12 12 IS 13 13 M 14 14 W ]4 

12 13 13 13 14 14 14 14 14 14 

TC 12 14 |4 I4*M iS IS 15 IS 
(3 13 14 (4 14 15 15 15 IS IS 

14 14 14 15 (5 15 15 15 IB 16 

14 14 15 15 15.(6 16 IE IG l£ 
(4 16 13 (S IS, fE IE IE 16 i«; 

'HU IAISI3 

13 (3 13 15 13 

14 14 14 13 13 
rf W M (4 14 

14 14 14 14 14 

15 (5 IS 15 IS 
15 15 IS 15 (5 
1616 IS 15 15 
IE IE IE IS IG 
FS IG IE IE IB 

IS 13 13 It 13 

13 15 13 [5 13 
IS IS IA 13 i.l 

14 14 rf rf 14 
rf 14 14 M 14 

15 15 (5 IS li 
IS 15 15 IS IS 

15 IS IS IS IS 

16 IE 10 16 16 
(B IE 16 16 16 

'IS ISM 14 15 15 

13 14 14 14 IS IS 

14 W 14 rs 15 IE 

14 14 ^ ICIfi 

14 in in in 16,16 

15 IS IS IB lE'fT 
!5 15 IE 16 I7'l7 
IE 16 IG 17 17 0 
16(6 16 1/ -18 

16 17 FT (7 (8 /ifl 

15 

6 15 15 15 15 
5 IB 16 IE IB 
E 16 16 16 16 
/ 16 16 16 16 

7 17 17 17 17 i 

7 17 17 17 I7 f 

8 17 17 17 17 1 

a 'B '8 ra -al 

9 IB 'S 19 ’B 
9 IS 10 13 -3 

6 IS 16 16 IS 

6 16 IE 16 16 
6 16 16 16 16 

7 17 <7 17 17 
7 17 17 17 17 

7 17 17 IT 17 
a i8'B It '8 

8 16 IB '8 
!) IQ IB 16 'B 

G 16 16 IS 'S IS IS "MU 
6 16 IE 16 (bJlS 15 1514 14 

6 15 16 IE 16 16 15 (5 IS IS 

7 17 17 17 16 16 IE 15 15 15 

7 17 17 17 17 16 16 IB 16 IS 

7 IT 17 17 17 17 IE IG IG IG 

6 IB '8 17 17117 17 16 16 IS 
6 IB 18 '8 IB 17 17 |7 17 r6 
a is Ifl >fl 1 0 1 1 8 17 17 17 17 

13 15 13 13 15 
M l3 13 13 13 

14 14 |4 |J 13 
M 14 14 W 14 
r. 15 14 14 14 

15 IS IS 15 15 
IS IS l IS IC 
IE 16 IS '5 > 5 
IE 16 16 16 IB 
IG Ifl 16 IS IG 

II 13 IS [5 )i 
13 13 13 ^ 14 
(3 13 '4 14 M 
<4 (4 14 4 IC 
H 14 14 IS '5 

is is '5 is IS 

'5 IS If. 15 If 
(5 IS IS IS rf 
16 IS IB 16 17 
IS IS 16 '6 15 

15 15 '6 V 6.20 

15 IB IG (7 9120 • ‘M M 5 
is !C i7 ia id’pn ; j snv 
16(6 tT a -J»r M252D « 

ig ir i7 a 4? :i?E 3,33 

16 1? '8 9Z0(‘ 2^26 '•') if 
IT IT '8 I3 2.'P'24’.' Ji it 

17 'B :9?0 2I.?:M2T 31 »J 
17 IB :920 2l ?1?5 28. 7 .- Jl 

>■- pi V'Pd! ia iT iE if t4t? 14 m 14 l4!r4 14 14 n V 
s '7 I61CM5 '5M 4 !4'I4 14 (4 15 IS 
V, ?9 25 ■>? ? 19 ifl i7 16 IC IG '5 IS 15 15 IS Vi 15 15 

sfi-vw;- i ?d JiS :/'6 rs 15 1515 15.15 is 15 mg 

, ■ •'■■20 5 B 17 17116 !G 16 >5 '5 '5 15 IG IS IE 

T /..Wi ) 8 >8 1711/ 16 16 16 IB?!6 16 T6 IG 16 

?BS126>0?!? ) 13 ia m 1715 16 1618 IB 1616 16 17 

fH A 2? 25 PJ ?d 3 <B 'B 17 17 17 17 16 16 1/ 1/ ' ’ 17 

37 31 2725:4733) id : > id 8 IT 17 17 IT 17 171/ IT If 

?/ 312925 ! i! ' 20 ? BJ'S IT 17 E7 ’f 17 17 IT 17 17 

15 IS IS 16 16116 15 IS (7 17 
IS (S IG IS IE 17 17 17 (7 |7 
15 16 1C 16 '/ (/ 17 1/ 17 17 
1516 '7 •” 17 '* IT 17 >fl 3 
S IG 17 IT .7 IT 6 6 R 8 

re IT '7 IT 3 8 fi 3 ‘3 'B 
17 it 17 ig va a fl ro 0 

>7 17 'fl re 'fl ) n id 19 :) 
1/18 IB '8 19* 19 10 1) 19 19 
fi ia 10 id Id 13 Id id pox 1 

17 IT !6 IG id 
17 IT 17 IT |7' 
1/1/ 17 1717 
ifl 'Q-3 17 17' 
8 '8'B '3 -eJ' 
■a 6 18 ie -at' 

d id 19 Id Ed!' 
Id 10 19 1 101 
19 19 19 id 19 
?0 i?0 20 20 ?ot 

10 16 IS IG IG 
1? 1717 (7 17 
17 r7 1/ 17 r? 
17 17 17 IT 17 
'8 10 'fl <8 '0 
fl 'B 'fl 3 3 

a ifl >fi 'fl ■’ 

.3 .9 td Id (9 
19 ID rd 19 19 

raporarazo 

17 )7 17 !7 ie'l9 
17 »7(6 >8 '5 >9 
17 17 IB 13 " Id 
'fl IB ifl 19 dh) 
6 ra id -a 
9 0 "1 'O'Opn 
ra ,d idrarap) 
id id :i D30’rai2 > 
r»2apora2i'2i 
2020.021 21.22 

20 

f .99202013 
H 2' 33 30 20 
7?2l P'PspQ 
P 21 21?'? 
2! 22 22 222 
>3 S';? 22?? 
?12)2J 23 a 
J4Z4ZSZJ23 
14 24 21 23 21 
1525 24 24 24 

OKIO 19 19 
D 2020 20 20 
v 20202020 
• 2121 2i2l 

Jl f\ 21 Pi 21 
: ;ra? J 22*i 
23 23 22 2222 
73 21 73 ?\ 73 

di***?:* 

9 19 19 19 ID 
020 232020 
0203)3020 
n ?i2i 21 21 
?l Pi Jl> ?l 
a??,?r?2i z; 

2222 272222 
73237?. y> ?; 
2) 23 Pi Pi 2! 

Tl$l9 isiajie '6 (7 17 17 
9 19 19 Id I9|l8 18 IB '6 17 
3)2019 13 Idlld 13 10 IB 'D 
3)3020 19 19 19 19 (9 IB 18 
»TO20 2020b£H9 10 IS 19 
>?( ? 20 20120 20 13 1919 
212(21 ? 2lb02O 20 13020 
22 222121212 ?' 20 2020 
?i 2020 

23 7 >2^22 2? 21 2(21 

17 17 17 16 16 
IT 17 17 17 17 
19 17 17 17 17 
<9 IB 18 '8 '0 
13 IS '8 'BIB 
19 19 19 19 19 

18 19 td 19 '9 
3 20 a) 20 20 
>020 ?020?0 
21 2< 2120 21 

is 17 17 r? n 

F7 IT (7 IT fl 
17 17 17 'B 18 
>8 18 '0 'B ') 
IB IB 19 i9 19 
id 19 i9 1920 
19 19 19 2070 
>0292020 21 
0202021 21 
3)21 2121 7, 

IS lO 1920 7^2325 2633 I! 
13 !d»?i Z??12E29lSy 
1320 ?OZI . 123 ?S 79.’.i?l 
1320 21 ?2^r527»344( 
2)P0 21 72 21252/ 30364! 

20 2T ?2 2S 34j6 28 3' T54( 

?l > ?? 2526 26 3' 364! 

?i 22 33W252/23 3 T? 0 
221V21*1?527?9 3i?P4( 
22?!>l74 2li;-“»V,3/4' 

57 32 22 >5 24 7? ?’ PO 19 d(>B B (0 ifi 18 <8 18 1618 10 
S9 3< PB26 P4 P ' ?' 7 M Idf 1 ) 16 10 IS iB'ifl (6 B 19 IB 
3? 2926 Z4 - ?2 2 20 ?d Id 13 19 IB 1843 10 '8 '3 10 

40 33 232fi;-4;' ? '2i2oai»i3 is id i*i9 id id id id 

3) 53 29 27 2S 34 i - 21 ?Jz020 1 V Id l<* Id Id 19 1914 

4dsi?o?T2flJ4Pi»2i 2ifro2ozoao i^id id 192020 

40 33 30 20 2^25 24 J 2?2I 2) 20 20 Z> 20|M PDP02Q » 
034 3i 2B? 7 ] 25 24 : J ZJ 2d 21 21 21 2l?0a 7)20 ?' £1 
4d 35 31 29P7IP6 *1 ! *1 P" 1 21 21 2' 211?' 2< P: 2l 2 1 

® * AP 2) 21426 25 ^ 21 P? ?-? ? J 27 2I|2> Pi 21 ?P ?■ 

s ia ib id idlidrararara 

8 19 id ID 2020 20 2020 20 
19 19 O20PI7P0P0 21 21 Pi 
19 IB JO 20 PO D) 21 21 ZI2I 

racarazo pi 2i 2/ 21 ppp; 
20P02D ?'?!*?■ PI 
*>3i 2J Pi 22 ' •??'• Z3J! 
7.' ? ?i 7/^2^2323232 
Pi PP P?2H?)P9?3?J* 
7?'. '2323232324 24*!* 

nrazJisratrarararara 
aOMPQ?' PI PIP' ?l ?I ?l 
2. 2i 21 7 ?i zr 21 ?i 21 21 
2:21 ?l 21 21 2-21 ? ?■ P; 
?’&???; '?■;>?? 7/7? -, 

2* 2? ?■> £ r?J3 21 il?. 

232323232. 232323732 
P3P424P4* *1*1*124* 
»24*4M* 
L5KSZ5 25 25SZ525Z; 

20 21 2! 2' 7*7} 

Pi ?i Pi 32?J?< 

21 ''22727123 
7>.?'?2?7 ?3lP! 

P3 24 *24 24,25 
* * / \ X 2fl|?fi 
*25zrezn|3E 
Z5^ZS26 2B[26 




il*3737l 2Z??"<?Z1 pry.* 1 2r ZI 21 21 2I7T7217 


^55 !■ 30 2525 ? ' *' r d st irS /.' j/ y 


522’51SK77z7 


20 

15 

10 

5 

0 

3> (DEG) 

5 

10 

15 

20 


CR10 


Figure 53. Cross Polarized Pattern Map 



Relative 



Fig. 5b Port TE q 2 Difference Patterns 


00 

o 


e? 

UJ 

Q 




20 


15 


10 


5 


0 


5 


10 


15 


20 


(73 23 23212 
P3 25Z3Z3Z 
23 232 3232 
J23Z3 2S7-!Z 
pnZ3Z2? 

22 22 21 21 2 
2221 212 
22221212 
i?222l 21 3) 
2 21 212120 

3020 20301 
M2Q20I9I 
3033 22 191 
7020 19 19 1 
»20 19 19 

19 19 19 IB 1 
19 19 '8 IS 1 
>191918 131 
ij ib is iai 

i3 IB 18 17 1 

ib ia ie 181 

318 131$ 171 
18 17 17 17 1 
17 17 17 17 1 
17 17 17 17 1 

:a 18 13 IB K 
17 17 ig IB It 
7 17 17 17 IB It 
17 T7 17 (7 
17 17 17 17 

13 19 19202 
13 191923 2 
1918 19193 
M3 18 r6 192 
17 IB IB 13 

D 21 3?2-*WZB 
0 21 222324 26 
3 21 222S242C 
3 3021 ?3242f 
>021 27 2325 

2B 3135404 
20}(E4D4 
28M51404 
27 3D 91 404 
27 29 3S 403 

54 30 Z7 25 2^22 22120 
E3)27?SM222l2l2) 
» 30 27 25^22212023 
343327 25 He 2I 30 19 
f 3S 29 26 25 22 21 20 19 1 

i3 ia re ie 17 
9 13 ig 10 17 17 
19 ia 17 17 17 
IS ia 17 17 1 
18 17 17 17 16 

117 17 17 IT 1 
tT 17 17 IT 1 
17 17 17 171 
16 16 16161 
16 16 15 16 1 

17 17 17 17 17 
17 IT 17 17 17 
17 17 17 17 (7 
l« 16 17 17 17 
I5J616 16 17 

18 ia IB 181 
18 18 10 16 t 
17 18 IB 18 1 
17 17 IB IC 1 
1? 17 17 10 I 

J9 020 20 20 
19 192020 JD 
19 1913 20 2D 
119 19192020 
0 1919 19 20 
ra IB 19 19 19 
19 18 18 19 19 
17 17 i* 16 IB 
15 17 87 17 IB 
IBIS 1717 

2121 2! 222 
21 21 21 222 
20 21 21 222 
20 21 21 21 
20 2021 ?< 

#73 73 232. 
$23 23 2321 
I? 23 23 23 21 
#221’ 2321 
1 2222 $212* 

21 

23 

71 

21 

23 

t?* 22222 

E2222I 212 
El 21 2I2Q2C 
|2I 21 CD 20 21 

’1 21202020 
07QJO 19 19 
033 19 19 19 
1919 19 IB IB 

19 19 19 IS It 
19 48 0 17 
IB 18 17 17 1 
IB IT 17 IB It 

1717 I7J7I 
17 17 16 IS 1 

15 IS 16 IS 1 

16 16 15 15 1 

,16 IS IE 161 
616 1515 151 
15 IS 15 rs 
14 M 14 14 

IE T6 Tti 16 
16 16 16 16 It 
IS IS IS IS 
W M IS 15 I! 
14 14 M K 

16 17 1718' 
16 16 16 17 1 
13 IS 16 16 1 
15 15 15 16 t 

20 20 .'3 ;* 

I9SD?I 22* 
IB 1920 2ZZ 
■*18 1920 21 Z 
1710 I92D2J 

26 20 3237 3 
322^33 
2527 31 36 
242B30S3S 

SS'EH liJillJfl ra 13 11 

332920 24 722120 1918 1 
3223* 7*2!|2D 19 10 17 1 
3127252*2 f|9 IB FT 17 1 
St 26 24 22iq 19 19 IT IS 1 

17 17 15 16 IS 
IT 16 0 1615 
16 16 (5 15 IS 
16 IS 0 0 14 
IS 15 14 M M 

|)6 lfi‘15 15 r 

IS IS IS (6 
IS I > 14 Ml* 
M M J4 14 
14 0 1313 

IB IB (6 15 15 
15 15 IS 16 IE 
IS 15 15 0 0 
MJ4MH 15 
13 14 W M 14 

IB 1717 IT 
16 16 17 171 
15 16 IG 16 1 
15 0 15161 
14 0 15 15 r 

»Ma62fr 
19 2D 20 20 
tt tt 19202 
IB J9 19 19? 
18 16 IB 19 1 

12L2Z 7?Sr5 
21 21 ?7 ? ■ ?' 
30 ?1? 21 r 

202021 21 r 
19 20 2010 ?1 

B 

?* 

22 

21 

2' 

19 

)9 

19 

B5 19 19 19 IS 
19 19 l$ ra 
19 19 IS 10 ia 
ie 1319 17 ij 

6 18 17 17 17 

16 17 17 17 IS 

17 17 17 16 16 
S7 17 16 16 15 

16 16 16 IS 
16 16 13 15 1! 
IS 15 IS 15 K 
15 15 K M 1< 

IS 14 14 W 1 
14 14 14 13 1 
M 13 J3 13 1 
13 13 13 12 W 

13 13 13 13 

rs 13 e 12 1 

12 12 17 12 1 
12 12 12 II 1 

15 Ii 15 13 1 

15 13 13 13 tl 
12 12 12 12 If 
12 12 12 12 12 
U II 11 11 1: 

M S4 15 E5 1 
IS M 14 IS 
13 13 14 14 t 
12 13 13 14 
12 E 13 J3 

11 TT 1933^ 

16 17 18 19 30 
15 16 17 1920 
IS 10 17 10*1 
14 15 16 17 19 

2! A> £1 $) 
2225SM3 
22*2936 3 
K24 2834S 
21 2479 353 

21-2377-343 

21 242334.* 
3> >‘26273 
20 - 23 375 
20 :*2S32J 

'jift'Wiam 1/ ir ij> 

SS2J2 1 iqte 171615 
29 25 2? 21 15(10 1715 IS 1 
36 * 2?20 10 17 IS 1515 1 

28 24 22* I3| IT 16 15 M 1 
a’iflPl Vi li* 1/ til Lh W L 
78 24 21 19 131 1615 M Bl 
2H24/* PlHie 15 14 13 
2S 2*2! tt 17(16 IS J4 0 

29 24 21 19 li] ISM 1413 

15 14 14 0 13 
14 14 13 13 IS 
14 12 IS 13 12 
13 13 12 12 12 
13 12 12 12 12 
13 V 1214 F 
12 12 ir II 1: 
12 12 It 1* 11 
12 I* 11 tl II 
12 H 1* II i'J 

13 13 IS 0 r 
13 12 ra 12 1 
12 12 12 12 1 
12 (2 12 12 1 
II II 11 II 1 
ii 11 11 tl 
It II IT 11 1 
II II II 10 1C 
10 10 ID S 1C 
ID 10 10 10 1 

1313 01315 
12 12 B 0 13 
12 12 12 12 13 
12 12 12 12 12 
11 It t| 12 12 

mrwrrr 

13 M 14 M 1 
(3 0 13 14 
J2 0 13 (3 ( 
12 12 13 13 < 

I5IB ll> 15 17 
ISIS'* ISIS 
14 IS IS 16 16 
14 14 IS IS 16 
14 14 14 15 15 

I7I7IB Ifi J 

17 17 17 '8 t 
IC <7 17 17 1 
1616 17 871 
16 161.1 !CI 

15 19 »a» 

IB 19 19 19 20 
IB 13 IB 19 '9 
17 IS ia 16 19 
IT 17 13 ie 18 

(7 l T II 
17 IT 17 17 
17 17 17 J7 1$ 
17 IT 17 16 1$ 
17 17 16 16 16 

17 16 16 IS I5> 
SIS IS IS IS. 
fi 16 15 15 15 
6 15 15 15 14 
6 15 15 14 14 

ini w is r* 

M M 14 IS 13 
M 14 KB 13 
M 14 13 IS 12 
M 13 13 B 12 

J3 IS 12 12 E 
1312 12 12 I 
12 12 12 12 1 
12 1212 II 1 
12 12 II Ii 1 

iz rr 11 ti 
ti 11 ij 11 1 
11 11 11 11 1 

» II MJ 101 
11 1010 101 

II II II II II 
II II II II 1 
II It II II 1 

10 10 ID 10 1 
10 10 ID 10 K 

l?'I2 12 tt 
II 12 12 12 
11 11 12 17 1 
II II 11 17 1 

tl 11 iirar 

14 151617 IS 
14 15 16 17 13 

14 15 IS 17 13 

15 14 15 16 
IS 14 15 16 ia 

1! 11 II 11 II 
11 II II H II 
10 10 ID 11 || 
10 IOIO <Q 11 

II 12 1212 ( 
II 12 12 12 1, 
II II 1212 li 

fl II J! 12 li 

1313 M MIS 
0 13 14 M 14 
B 0 13 14 M 
0 13 13 14 Mj 

Ib Ib 1 
15 15 16 IS If 
15 BIG IS If 
14 15 15 IS It 
14 15 15 (5 ft 

1/ IT 17 IB 18 
17 17 <7 17 ifi 
16 17 17 17 |7 
tS 16 17 17 87 
IB 16 17 17 17 

0' 

ia 

IB 

17 

17 

17 17 16 16 16 
.17 17 16 16 1£ 
17 17 16 16 16 
17 (7 161616 
fl.' 1716 16 IE 
17 17 16 16 16 
17 17 16 16 16 
17 17 16 16 16 
17 16 1b >6 IS 

15 (5 IS 14 14 
IS 15 15 14 14 
IS 15 15 M 14 
15 15 15 M 14 
15 15 15 H 14 
15 15 15 M K 
IS IS 15 M 14 
15 IS IS 14 14 
15 15 15 W 14 

14 13 13 12 12 
M IS 13 12 12 
14 13 13 12 12 
13 13 13 12 12 
"WT3 13 12 12 

13 13 13 12 12 

14 13 13 12 12 
13 13 13 J2 17 
(3 13 IS 12 12 

12 II II II 1 
12 f< 11 II 1 
12 II 11 II I 
12 II It II 1 
T7‘ini 11 |l 
12 ’HU* l 
12 12 1 Ml l 
1212 Ii (1 1 
1212 11 II 1 

10 in 10 10 1 
10 10 10 10 1C 
10 10 to to 1C 
10 10 to 10 1C 

10 10 ID 10 1C 

11 IQ 10 to 1C 
II 10 ID 10 .v 
11 10 ID 1C 1C 
1 1 10 10 10 K 

IU 1*1 If JU WJ 

V W 10 10 Ml 

JD ID 10 10 m 
10 10 10 10 1C 
0 10 10 10 10 
TcnorjTOio 
* 10 10 10 to 

IQ ID 10 £ 1 
'0 10 10 ID 1 
TO 10 10 IQ ID 

II II II 12 1, 
10 II II I2W 

10 II II 12 U 

11 tl 11 12 li 

mi inn: 
ri 11 11 12 i. 
11 II 12 12 L 
II 11 12 121. 
II fl 12 12 1. 

13 14 (S 16 I92D 2J23 3? T 
1314 15 16 lafeo 7 26 3231 

B 14 is 16 labo^a?? 

13 M 15 T6 10*20 
tTHisirupu-ii!; wji 
is mis maao ’&33 r 
13 MI5 !7’620 7*27 333! 
13 MIS I7iea0<?27'*)2? 
13 W 15 17 IS; 20 2*27 35*' 

£.{ 0 4* \J iJlt, 13 14 13 
29 23* IB 111 15 14 13 !3 
^ 24 21 iB Ifl IS M 13 13 
292121TB IT 15 M 1313 I! 
2f 2321*8 I7j 16 IS M 13 1 

2924 2: ID 17115 IE MJ5IS 
28 2320 19 IT 16 15 W 13 If 
27 2421 I9J7||6 15 M ISIS 
27 2*30 13 ITjTG 15 MIS 12 

12 IS M II IU 
12 II 11 10 IS 
12 M li IOIO 
12 11 II 1C 10 
12 II ir II 1C 
12 Tl IT"TT TO 
12 II II 11 19 
12 Ii II 11 1C 
12 II II II 10 
12 II tl II IQ 

19 10 ID 10 J' 
10 10 10 10 1C 
19 >) ID 10 H 
ID 10 ID 10 r 
to W 10 tU'SC 

10 10 id rc m 
1C SO id 10 K 
)0 10 K 10 1C 
ID M ID 10 1C 

1U JU 111 UJ It 

10 iq n 10 ir. 
13 1010 10 11 
JO 10 to 10 ID 
ID ID tt "■ 11 
TC7IU KJ II 
10 ID ID n 11 
1C ID 10 11 II 
101910 11 II 
10 10 10 li II 

II II III2I 
lllill 12 IJ 
II 11 II E2 li 
IMI 11 2 IJ 
ii ii ii ra II 
ITT! 1110 
II 11 H 12 U 
II 11 1212 U 
11 (I 12 12 
II (1 12 12 11 

12 IS IS 14 K 
(2 IS IS M K 
12 0 13 (3 K 
12 0 13 [3 14 

12 IS IS K K 

13 13 13 14 14 
13 0 13 14 14 
13 13 13 14 14 
0 0 13 14 14 

ll 1 15 13 15 It 
14 IS IS 0 1 
14 <515151! 
14 IS 0 01 
MtStS 1518 
M 0 016 |$ 
M IS 15 tS It 
14 IB 15 1$ |8 
14 15 15 16 IE 
H 15 IS ISI 

lh Id,’ 1/ 1/ 
1$ 16 <7 17 17 
16 161717 IT 
16 IB 17 17 (7 
16 16 IT 17 17 
16 16 1717T7 
16 17 17 17 ig 
!6 17 17 17 IB 
16 17 IT 17 13 

16 17 17 17 ia 

rr 

17 

17 

17 

IB 

IF- 

IB 

IC 

'B 

IB 

■re- 

10 

IB 

17 

17 

17 

J7 

S 

16 

16 

1716 16 16 15 
16 16 16 15 15 
16 1616 ISIS 
|]£ 16 15 IS 1'. 
n'tus'lS'i* is 
IS IS 15 1514 

fir, is is h i4 

IS IS 14 14 14 
JSM 14 14 13, 

IS IS 14 14 M 
15 M 14 14 IS 
15 M 14 14 13 
14 M 14 13 Q 
14 W 13 13 13 
14 13 12 13 12 
14 13 13 13 12 
13 13 IS 12 12 
J3 13 12 12 12 

13 13 13 12 12 
IS 13 >2 12 12 
12 12 12 12 12 
13 12 12 12 1 
12 12 12 Tl 11 
1212 II It H 
1212 Ii 11 II 
i2 ii r ii 
M 11 H 1C 

12 II II 11 1 
1211 II MIC 
P II II It It 
III! II 10 1C 

irmtrrcnc 

II 101510$ 
in 10 10 9 9 
10 10 9 9 9 
:o $ 9 9 9 

10 10 19 10 K 
ID 10 10 JO 1C 
10 JO K) 10 It 
ID JO 9 9 9 
TTTTS 
9 9 9 9 9 
9 9 9 9 E 
9 8 8 8 8 
6 8 3 B 8 

:o 10 10 10 10 
JO JO 10 K> '3 
IQ 10 10 r; iq 

3 9 9 9 1 i 
7771 7 
9 9 9 9 9 
3 B B 9 9 
3 B 8 3 B 
8 B 0 3 fl 

11 ii II 12 12 
10 M II (2 12 
11 11 II 12 
1010 II 11 12 

ymtnrn 
9 10 W 1 1 1 

9 9 w 101 
9 9 9 10 1* 
6 9 9IH’ 

13 W 13 16 itflAJ * .Vi JJ 
13 14 15 IS 530 2 27 753* 
13 14 ISIS eiao ■’•72S7331 
13 14 Isis iao -:rs3,v 
12 J3M«S 17] 192-2633 3* 
“I713“p-!57j|l92r25 3l37 
12 13 M IS la IB 2124 51 SI 
II 12 M 15 ISIS 21 26 3J3i 
It • B 14 IS IB J07435V 
|l 13 Ml^ B^)2TS0r. 

£1 Sig) 19 1)| |« IE M 13 

St 2420 :a 17 15 IS 13 13 II 
2>;TJD!8 17* IS 14 1} 13 l< 
78?1K) 8 id 15 14 13 CIS 
27 P420 18 id 13 14 (3 12 II 
3! F? JO 17 Isis' WTTT7T 
26?"> 19 17 10 14 13 12 12 1 
77 o20 17 IEj M 15 12 Ml 

s:*?o 17*9 14 is ■: n r 

ni' 9 (7 1^14 13' *1 ’ 

12 !’ 11 II PI 
12 ti II 11 ID 

r n 11 ic 10 
It if n 15 Id 
II u 10 10 10 
irwiDTC r 
10 ID 9 9 9 

r 10 g 9 9 

!0 9 9 Hi 
10 9 9 9 8. 

TI 10 ID ID 
SO IQ w 10 10 
IQ IQ n ID it 

99999 

T J 7 5 J 
S 9 9 3 9 
9 9 9 9 S 
I 8 8 3 E 
0 b 0 a fi 

lUIUI'J II 11 

10 1010 II 1: 

1C ID 10 D 11 
IQ 10 10 3 1C 
9 9 ID 10 N 
9 9 9 ID It 

9 9 9 9 9 
9 9 9 9 9 
8 3 9 9 9 
0 8 0 9 9 

II 11 U 12 11 
II II II 712 
M tl II .2 G 
ini n in: 
10 II (I ll 12 
WW HUT 
ID 10 10 M I 
10 10 » !0 1 
9 9 tt :0 1' 
s d no If 

13 13 B » 14* 
12 IS IS 13 14 

12 0 0 0 tl 

IP (3 13 13 l< 
12 12 IS 13 13 
TT-rairwra 
N 1? 12 (2 13 
11 II ’7 12 0 
IMI 12 12 I? 

in 11 c 12 

M 15 00 IE 
M 15 IS IS 1 
W M 15 15 l< 
W 14 1515 1 
14 |4 14 15 '! 
TjMMtnr 
13 13 14 M 13 
13 B 14 14 
a rs 13 14 

2 0 13 14 -4 

Jb 1/ 1/ mu 

16 IS (7 17 |7 
(6 16 17 17 17 
J6I5 16 1717 
15 IS IB '6 17 
15 M Ifi (6 15 
1513 IB 16 IS 
IS IS 15 IS 16 
)4 IS 15 (5 |«| 
C4 5 0 15 1 J 

14 14 14 13 13 
14 M IS 13 13 
14 M 13 13 13 
14 14 13 13 13 
14 14 H 13 13 
14 H 13 13 13 
14 14 13 13 13 
14 14 M IS 13 
14 (4 MIS 12 

13 12 (? M 11 
12 12 12 11 11 
12 1? 12 n Ii 
1212 12 II II 
i<fi2 ii ini 

i? 12 ii ii i; 

12 12 12 1 1 If 
1212 12 11 r' 

13 12 12 II II 

11 1C ID 10 9 
ll'C ^ 1C 9 

I* ioio r a 
C 10 ID 9 9 
mtttCrg $ 

10 10 19 9 9 

1 1 “* 19 9 9 
n 1010 10 9 
II 19 <0 9 

9 9 9 8 8 
9 9 8 8 8 
9 9 m 
& 9 & & 8 
9‘TTir H 
9 8 9 0 8 
9 9 8 6 8 
9 9 B B 8 
9 9 8 8 8 

B 8 3 a 7 
a 0 T 7 7 
B 0 7 7 7 
8 7 7 7 7 
T77T7 
8 7 7 7 7 
3 7 7 7 7 
a 1 7 7 7 
8 B 7 7 7 

7 7 7 6 3 
7 7 7 7 3 
7 7 7 7 7 
7 7 7 7 7 
It/// 
7 7 7 7 7 
7 7 7 7 7 
7 7 7 7 7 
7 7 7 7 T 

rrrr 

6 1 9 9 IC 

B a 0 9 9 
B63 99 
0 8 9 9 9 
7-0 a 9-9 

7 8 9 9 9 
7 9 a 9 9 

a 8 8 9 9 

0 0 8 9 5 

‘It Tl Si 14' TfT/ 7T r r5'~ 

11 II 12 isqi7 .Ji'23< 
10 II 12 B 19 f7 ?;*aS4i 
ID IS (2 T5 ia 17 OC23 4 
10 ’1 12 13 14 IG iO “ 1 £3 4! 
10 n TTlTT^re *?i”?3-i7 
:0 1112 BUIS 9, 

ID II 12 13 1^16 
10 |r |2 B 19 15 19*27 4 
1 1.12 !3 9S27 7 

a >:} jj ib >y is u u 1 ■ m 

28 2? •? 16 ia 13 12 i< ’ : r0 
ZBiflJ 17 id 13 IV |i 10 10 
2B74I9 IT Id 13 J2 l> *J K 
£8 IT 19 (6i*i 1312 II IQ l< 
20 . ■ : 3 rr i4 is ii ^ urn 
7? ~?,9*7 Ip3l2 l**r 1C 
23; ‘19 17 (3 13 flO r, 
291 '20 17 tt 13 )< C > IT 
29:* 19 *7 13 17 • 

9 y b » 8 b 8 n 

9 9 9 B ( 3 1 E 9 1 
9580690075 
9588 6 9 7 777 
9S 9 6 6 T77T7 

9988677777 
353BB07777 
9999686181 
9 9 9 9 68 0 6 8 6 

Barn 
8 0 8 8 8 
8 8 9 8 8 
7 8 8 0 8J 

7 0 8 8 8 
T8 8 B 
7 7 3 0 81 
7 8 8 8 8 

b 8 a e a 
b 8 a b at 

'i S 9 r T 
9 9 9 tt 1C 

9999 : 

3 9 9 9 tt 

a 9 9 9 !< 
3-T9-9M 
18981 
a 9 9 9 Id 
9 5 9 9 ' 
9 9 9 10 IC 

I'J 1' LI II * ill 12 IJ IJ U 
ft II 11 I?|i2 12 IS 13 13 
IOIO fl II rat 12 K 13 131* 

tt IC ■ II 1 1 if 12 12 IS 1: 

io r. 1 • 11 nlr 12 12 13 it 

(0 10 >' 11 1([i2 (irl2T3T 
10 tt 11 11 1! <■> rs Q 13 1: 

10 10 1* |l It! 13 12 12 13 IT 

10 I' It II U*I2 12 13 151! 
SC IMI tl 1212 12 013 ti 

l-H '4 14 >b lb! 
'4 «14 '5 I5| 
IS 14 14 14 IS 
IS 14 *4 '4 *s! 
13 M 14 )4 |$| 
TrRMT41E| 
0 14 M 14 19 
B M ‘t f4 IS 
13 14 M IS 'S 
M J4 11 IS IS 

*T 

15 

0 

IS 

15 

IS 

IS 

0 

0 

IS 

14 14 14 13 13 

15 14 14 IS 13 
15 14 14 14 13 
15 15 14 1-1 M 
15 IS 14 M 14 

15 IS lb Ml* 

16 IS 15 H 14 
16 15 (5 f5 1< 
16 IS IS IS If 
16 16 IS IS IS 

1312 12 12 II l< II -t 10 17 

13 1312 12 12 " Ii 1' 10 16 

13 1313 12 I2j n r v 0 SC 

13 1313 12 12 IZ “ 11 11 1' 
74-013-012 121? ” t> 1 

14 131.3 13 12 1212 11 II l 

14 14 13 13 13 1212 II 1 
14 M 13 13 13 12 12 12 (1 Ii 

14 14 13 13 13 12 12 12 (1 1 

TTTTB 

9 9 9 9 8 

10 9 9 9 8 
1C 9 9 9 9 

ttlD 9 9 9 
1C10 10 9 -9 
r 10 10 9 9 

11 !C 10 3 9 
II 1C 10 iD 9 
11 r. 1910 g 

a a b 7 7 
0 8 0 3 3 
3 B 8 3 8 

s a b s a 
9 9 B 8 S 
■9TTT1 
9 9 9 9 E 
9 9 9 9 9 
9 9 3 9 9 
9 9 9 9 9 

7 7 7 7 8 

7 7 9 e S 
6 8 3 0 8 
6 0 9 8 8 
1 8 9 9 8 
Tl 8'TTtt 
1 E 919 
9 9 9 3 9 
9 S 9 9 S 
9 9 9 3 9 

nrTTn 
e e 9 9 k 

119 3'! 

a a 9 10 it 

3 9 9 10 « 

-T9 5 '—It 

• 9 re ic 1 

9 9 10 ID 1 
o 9 io r; i 

4 9 10 10 1 

iQ u r isiiia '9*27 3 
11 11 r is 19 17 "5:t294 

II 12 13 14 t^ 17 19 ? >27 4 
Ii 1213 14 19 17 '9;in« 
n-1? 13 -w ta rr IT'S* 
II 213 M tfl 1720 2B« 

11 12 B 14 rd 17 1*294 
II i' 13 1510 'erOC27J 
11 IS 14 1.0 182Q ?S2?J 

291*19 17 1^14 13 ra HU 
291* ,3 17 0 14 13 1’ 1* 1C 
?9 24X)<a 1^14 (3 12 l> > 
>2B24»'a 16 IS 13 r 12 1 
1 32 25 2 ia rdM 13 BI2 * 
*y>24?' *B id IJ 14 T3 t2 | 

1 33 25 77 9 7 IS 14 13 ra IJ 
1 3125?' 19 i7 16 14 0 13 U 
37 26 22 J9 d 16 14 0 13 l« 
3626n3lT|6 15 013 Ij 

urg-g a g 1 » a n » a 

10 999 6 8 9 8 8 8 
IQ 10 99999088 
ID IQ 9 9 3 9 9 9 9 9 
ii.r 10$ 9 9 9 9 9 9 
■■n«'*T3 5 9 9 9 
‘ It .MO •; 9 9 9 9 9 
M 11 "3 ID d 10 10 1010 It 

11 II II 1C M3 10 ID |Q ir II 

12 1 |l I. IQ 10 10 10 10 r. 

B u n n 9 y y s? r, 1 n 

0 e 9 9 9! 9 9 10 10 n 

e b 9 g 9- 9 if 10 1 

9 9 9 9 9 JO tt ID II 1 

9 9 9 9 9 ! IQ * ID 1 1 

9 9 9 >9 id tt tt It It I 

9 9 DDI) 11 II 1* Li 
tt ,. 10 10 ID 1| 11 || || 1; 

no,-' 10 raj i< 11 i* r 1: 

10 10 ID 10 IQ 1' IJ II ‘ JJ 

t! 11 II 12 12(12 13 1315)1 
II II >212 2 IS 13 1414 y 
II 12 1212 1313 13 M * 1! 

11 , 121! q II 14 :4 M li 
era « idM « k >9 ti 

12 J2 13 13 id M 14 16131! 

12 12 13 IS 1*) j 4 IS 15 15 If 
12 13 0 13 14 A 10 0 19 |t 
12 13 0 14 14 15 0 16 If 

T4 14 15 IT 15775" 
M 14 IS IS 15 J6 
M 15 tt IS 1616 
0 15 15 *6 IE' 16 
IS (S 16 IS 16 16 
1949 -tt « T7l *- 

1616 16 7 |7j'7 
15 15 IS 17 17, !7 
1615 1/ IT O' 17 

1617 IT 1717*17 

IS 16 IS 15 IS 
IS 16 IS IS 15 
IS 16 15 15 12 
IS 16 IS 15 Lf 
IS 1* iS TSU 
IS 16 IS 15 1! 

15 16 IS IS If 

16 16 IS l*i 1* 
16 16 16 15 1! 

14 14 1413 id 0 12 12 II J 
14 14 4 13 12 1312 12 '1 1 
14 14 MI3 1! 0 12 12 11 1 

14 i4 M 13 12 0 12 12 1 1 LI 

itTmwi! -ts-ft-ra-n-t 
M 14 M 13 19 13 12 12 111 

14 14 14 13 d 13 12 12 111 

15 14 M 13 13 13 12 12 12 1 

15 14 W IJ 11 13 12 <2 12 ( 

ii io 0 io it 

II :a 19 19 K 

11 10 15 r i< 

II '0 10 ID 9 
11 hioto a 
II 19 10 10 9 
H Ml 10 SO N 
II II 10 !9 l( 
II 11 10 10 It 

9 9 9 9 9 
9 9 3 9 9 
9 9 9 9 9 
9 9 9 9 9 
1 $-9-9-9 
9 9 9 3 9 
9 9 9 9 9 
9 9 9 3 3 
9 9 9 9 9 

9 9 9 9 9 
$9999 

snn 

99999 

93999 

9 9 9 9 3 

9 9 9 9 3 

9 9 9 9 9 

9 r. 1: * 1 
9 101- 1 

9 to 10 to 1 
9 to 10 11 1 

-9-tO-tt-tt t 

9 ID ' |i 1 
9 ICB *' J 

9 ior r 1 

9 1919 «• 1 

‘i 12 12 1410 17 3 7i*»J 
12 12 13)510 8JO. ’27 i 
12 12 M 15 id 020 *27 J 
11 12 B!4isi?:on;?9 
Iftf Ot4 id 1070 71 28 8 
<2 13 1315 If 1020 7320 3 
17 13 14 IS HUB. T <3* 3 
1- 13 >4 IS 1$ (8 2121 283 
17 13 M IS id 'B 70 I ’ 233 

31 ?6 r> XJlfl 161514 13 1: 

3527 ; 20 l? 16 IS 14 B 1: 
34 ZG J "TO IJ 16 IS M 13 (J 
32362719 <3 16 15 14 0 U 
JiaT'tttTWtt-tt-BIS 
31 25 71 19 17 16 14 13 13 1. 
303T2I if) ’7 16 IS 13 13 -i 
30252) .9 1 ISM 13 13 IJ 
23 2721 716 IS 13 011 

12 *• l< 11 11 10 1: 10 10 If 

12 1 ’ || ID IQ "V 1: 10 r 

id 10 10 10 1C <: 

*> n li )' iqioio IG w u 
H tt tt t^tt-tt-tt-IO KH* 
IMI It ID wjio 10 10 1C !( 

1' 11 fl 10 K) IQ" 10 10 1* 

Ii 1 II I* 1 ID 10 10 1910 1C 

r 1’ fl ID IQ 10 •- 10 -D H 

"- r w . ir 11 11 11 iq c 
ic *r ti 10 11 1 li it :: r 

c n up ij 

ir ttioic 11 li ir n ,j r 
-toto-for, tt ti it fi m; 

1310 id ciq n ir fi •: u 
1010 10 ic li ii k 11 '1 1; 
19 w id 10 ii nun ; i; 

to IOIO ■' 1 j II l< 11 1? Li 

B 13 J1 W l*j M IS 1516 If 
I3J3 0M 'A 14 15 1516 If 
1213 13 M 14 MB 1516 IC 
12 13 13 M 14 14 IS 0 IS If 
t2 fi-f3-M *4-H tt 15 IS H 
12 13 13 13 l4 14 13 (5 15 l£ 
12 JS 13 13 14 14 r5 15 IS If 
12 13 13 014 14 015 15 If 
12 13 12 13 14 IS 15 15 If 

16 17 ; T 17 : j-ia 
161/ 17 171713 
16 16 17 i7 17* -a 
16 IS |7 17 1719 
tt tt tM7 iXl? 

15 15 17 1717117 

16 16 1’ 17 17 17 
16 16 ’ '7 1717 
1 $ 16 1* 17 17 17 

16 1$ 16 1$ If 

16 16 16 16 S« 

17 16 16 IS C 
1? 17 16 1C It 
17 T? 17 IS ft 
17 17 IT IS || 

13 *b rr 17 17 
e IB 87 17 !7 
19 IB SB >3 17 

IS 14 M M 11 13 13 12 12 1 

1$ 15 14 M 11 13 13 12 12 ti 

15 IS 14 M K 13 13 IS 12 ti 

IS IS 15 14 14 14 B 13 12 11 

wstjisnmirnisn 

IS IS IS 15 14 14 M IS J3 L 
61516 IS q ISM 14 13 II 
17 16 lb 15 If ISM 14 Mil 
87 17 16 J6 IS 15 15 15 14 1* 

II 11 Tl 10 It 

11 n ii 11 it 

12 n 11 i* it 
12 n u 11 1 
raise 11 1 

12 12 12 til 

13 13 B 12 11 

13 13 12 12 I! 

14 13 IS 13 Ii 

O ID 9 9 9 
r 19 to to ? 
10 10 1C 10 T 

10 Id ID 10 K 

tt 11 n-»K 

11 11 11 n 1 

12 II II 11 1 
1212 II II I 
J2 12 12 1? Ii 

S 9 9 9 K 

9 9 9 10 . 

10 10 10 ID !*■ 

10 KJ JO «> IT 
i©-» to itt ■ 

11 11 11 11 1 

11 II II II 1 

■1 II <: II C 

12 Q 12 12 i; 

ID ” tl n 1 
10 1. ft 11 1; 

10 11 11 11 1; 
11 11 m ra li 

71 ttlT-tt-t! 

11 IJ 1212 i 

12 12 12 13 1 

12 12 a 13 1 

13 13 B M 1 

V 13 14 IS d 192: 24 283 
1313 14 16 J j 13212429? 
1513 14 1612 19 27S303 

13 1 1 15 Ifil^PO H2S Si 3 
•tt T4-49TT- 1920 7420 it", 

14 14 15 17 l]20 < 125 3-* 4 

M’SIB IT 19 801 >26 344 
W 15 IE a 13 I 4 

15 16 17 IB ip- 2423*4 

303?’ 1917 16 IS 14 011 
23 2721 91*10 0 14 13 C 
30 2522 >0 IQJ6 014 13 11 
313 2720 l4 16 IS 14 (3 |j 
3T2BW2D18 IT 13 IS 14 t! 
3126 1520 16 [7 16 IS 14 C 
3123 2*2! 4 17 16 15 IS t 
3277 232 9 17 16 IS IS !■ 

rz7afl?:ajin 17 rs is ti 

12 u 1* || -j K1101C ■" i: 

ra c * 11 -Q 1? : ion: 1: 
12 111' 1* 11 1: 10 10 ICJ! 

12 12 111! IMI 1 

ij tsrati tf t+ttii rt-t 

IS 12 12 12 11 11 II II IS l 
IS 0 12 12 12 12 12 12 HU 

13 13 0 12 <4 12 12 12 12 U 
M 14 13 IS 0 IS 12 12 12 (1 

• : id :c 10 jj ii ii 12 rail 
10 r. tt r i| 11 11 12 ran 

10 10 11 Him 11 1? 1? 1: 

11 11 11 11 n 11 12 12 12 1 

tut tt ti era ra ts a 1. 
LI II 11 12 ra 1212 0131; 

12 12 £2 12 13 B 13 13 B 1* 

12 12 12 12 IS fS 13 13 H 1 

12 12 B i3 13 IS 14 14 M li 

013 13 14 ‘4 IS illS If 

0 B 13 14 M 15 15 0 16 ft 
0(3 14 14 id 15 15161$ II 
13 K 14 (4 IS IS 16 16 16 If 
M M M IS tt tt 1$ tt 17 M 
M 14 0 15 15161616 IT C 
K 15 IS 15 (B 16 17 |7 17 11 
15 15 IS IS 181717 IT id* 
15 |$ 16 l« 17 19 16 18 1 

IS 16 t7 17 IT* 17 
1617 IT 17 17*18 
1617 I717IS IB 
17(7 IT'S'^ra 
f7 W <9 tt tBf-tt- 
1719 'B 18 13 IQ 
>8 *g 1319 13 IQ 
IB 13 IQ 19 1^20 
19 19 20 29 20 2D 

20 19 19 IS IE 
2020 19 19 I? 
?• 2020202 
PI 2C»202 

21 2f2TEta 
?•??! 21 ?i 2 
2221 21 2! 2 
2221 21 212 
???l 21 21 2 

Jf jtjf 

& ia 17 17 17 16 16 IS 15 1! 
19 19 16 17 17 16 16 16 1$ 1! 
19 19 IB 18111 17 17 IS 1C Jf 
19 19 19 *8 IS 17 17 17 16 14 

202020 3 If IB 1813 17 fi 
702)a>l9IS 19 18 >8 17 Ii 
JOJD2D70I! 1916 19 IB Ii 

2020207011 19 18 10 IB ri 

14 H M 14 (i 

15 15 14 14 W 

15 IS IS IS J- 

16 15 IS 15 I! 
T3-I816 13C 

17 16 16 IS II 
17 16 16 IS II 
17 1716 1611 
17 17 17 IS 11 
IT IT if IB 1C 

13 13 13 13 U 
15 IS 13 13 11 
H 14 14 14 1' 

15 14 W M |, 
tSB-B-B-tl 
1515 IS 151 

16 15 15 15 11 
16 16 16 1C It 
16 IS 16 16 11 
16 K IB 16 18 

13 13 13 13 11 

13 13 13 13 1* 

14 M 14 1< v 

14 M M 14 1! 
7979191911 ' 

15 IS 1$ 15 C 
15 IS 15 15 It 
IS 1616 16 It 
1616 1615 It 
TEWWITfg- 

is 14 M IS 1 
14 14 15 IS II 

14 15 15 16 11 

15 15 16 IS 1 

rt-m«-TT r 

161610 |71 

16 16 17 17 >1 
1$ 17 17 17 11 
16 17 17 10 11 

□ LB jr liW 7 7 1 J.9 33 -1 
rci7»a 19 ri 21 K sail 4 

16 17 13 1921 2S2S29 354 

IT !0 19 20 212829 34 4 

17 8 J92; 22242630*4 
T0-ttZ77«7^?y7r315!4 
IB 1320 $232627 31334 
IS 19 20 22 232628 j|3£4 
193)21 $24 26 2B33y4 
1320 21 22 24 26 2a 31374 

il IS W 1 ! tS IT tt M f 
3327«22 jo 19 IB 17 16 11 
3i®2b2*;*IZ0<B 17 17 n 
34 2325 23 7220 19 10 17 li 

’.5 3027 24 1221 ia 0 13 t 

»30T7 29Ti2iJ£rt9ttT 
36 3: 2025 it 2720 1919 il 
Ej| 20^1^2221 a? 19 11 
i5 3l3B25J4i?>2i2DI3i| 
36 31 2C2S?|i 222! 2) 13 t 
*e j|ga»wf*ft jjia 

15 1514 14 li 013 1513 li 

15 15 ISM >4 14 14 14 Ml* 

16 16 15 15 H IS IS 14 14 0 
16 16 16 15 IS 15 15 15 E5 V 
IT TTttlO-tt tt tt tt-m 
87 17 (7 16 16 16 16 16 16 1< 
1717 1716 16 16 rS I616U 
18 17 17 IT 17 IB 16 16 IB 11 
12 17 17 17 d IB 16 16 16 ii 
16 i> IT TT ITTTW Wlflfi- 

13 13 M 14 14 M IS 15 IS If 

14 14 M 14 0 15 15 15 IC II 
la 15 15 15 1^ 16 1616(61. 
13 IS 15 15 1$ 16 16 16 17 li 
WtS tfiK. 19<6 17 t7t?« 
16 1616 red 17 17 I7T0 If 
16 1$ 16 16 tf 17 17 (7 '0 It 

15 1516 IT 12 17 17 ttlBlt 
1616 17 17 1 j 17 17 IB IB H 

IS 17 17 17 18 IS IttSOPC 

J7 17 17 raid 1919 1920?; 
17)8*8 13 19 t? 20 TOCO? 

iTiB ra is raa?0JO2i s 
■a 'a 19 ttaifoso?!-?* ? 
ig 19 tt 19 zq 20 2: 9i2l ? 
IS 13 19 20 2} 10 2! 2121 2 
13 19 1920 20 SO 21 21 21 2 
13 19 1920 aj 2021 21 2: 2 

a5»wVIil? : 
20 2121 ?! 2122 
?l 2: 222^2? 

21 ~ V 727121 
pap 

22 227?: *2321 
S2?Z?;‘7}23 
22 2722J)21?5 

22 22 22 ?? 2i 2\ 


20 15 10 


5 


0 


5 


10 15 20 


$ (DEG) 


CR10 


Figure 55. Port 4 Pattern Map 



CR10 


oo 


o 

UJ 

O 

03 


20 

15 

10 

5 

0 

5 

10 

15 

20 

Z3£JZ3ZI£Z 
23 23 21 22 Z2 

nnnnn 
23 ZJ 22 22 a? 
Z3 2Z2 2Z 2) 

SEE' 2120 
32 21 21 2020 
>1 21 213325 
>121202025 
>1213020 19 

020 19 13 19 
B 19 19 19 IB 
19 19 19 19 <0 
19 19 19 IB IB 
19 19 18 19 IB 

!9 19 IB 18 18 

18 IB IB 18 13 

19 <8 IB >8 19 
19 IB 1717 17 
17 17 17 17 17 

18 IB 18 18 IS 
IB 18 19 IB 18 

16 18 13 16 IE 

17 17 17 17 17 
J7 17 17 17 17 

18 13 18 18 13 
!8 18 16 18 19 
'9 !□ 16 18 17 
17 17 17 17 (7 
17 (7 1717 17 

15 ‘8 17 17 17 

16 17 17 1716 

17 17 17 16 16 
17 |7 16 16 16 
17 TB 16 16 15 

.16 16 IB ISlU 
1616 15 BIS 
15 IS IS IS 14 
f5 15 rs 14 14 
IS IS M |4 14 

15 Ts 14 (4 HI 
14 14 14 14 14 
14 14 (4 14 14 

M 14 (3 (3 11 
I4I3IJ 13 13 

14 14 IS" 15 i: 
14 14 W 14 1! 
14 14 14 14 1 
13 13 Hi 14 1 
13 13 13 13 It 

IS 16 16 16 r7 
IS IS 15 15 IC 

is 15 IS 16 16 

14 13 15 1516 
14 14 IS 15 IS 

171718 IB IB 
17 17 17 1818 
16 17 17 17 17 
15 16 17 17 17 
15 re 16 17 17 

18 ia IB 18 13 

18 ia is 18 ta 

1 19 10 18 13 
17 17 17 17 17 
17 17 17 17 17 

10 18 laiB 18 
18 10 18 10 18 
17 17 17 17 17 
17 IT 17 17 17 
17 17 17 17 17 

10 IB !8 19 ED 
18 'B (6 18 18 
17 I7'6 1818 
17 17 17 17 19 
17 17 17 17 1/ 

1919 20 2020 
t9 19 rszoaa 

IB ID 1)2020 
18 18 19 1920 
18 18 19 19 19 

Zl 21 21 22 Z 

21 21 21 72? 
\-i2l 21 PI 8 
202/ 21 21 Z 
20.D2I 21 2 

2223 23 23 2- 
2222 23 23 23 
Z2ZZre23?3 
22 22 22 2222 

2222 22 2222 
2122222?- 
2121 2222 22 
2' ?l Zl ?l ?1 
Z' ?! 2' 21 2 

23 

Z) 

Zl 

22 

?i. 

72 

22 

72 

21 

2L 

Z2 22 2221 
2222 2221 21 
22 2121 21 21 
2221 21 21 33 
?l 21 21 21 35 

i 1 00 25 19 19 
1020 20 1919 
9)20 19 1918 
02)19 »I8 
0 19 1918 19 

IS IB 18 19 17 

19 IB 18 17 J7 
3 17 17 17 17 
:b f7 17 r7 ie 
17 17 |7 16 16 

1717 17 1717 
17 17 1716 IS 
17 IS 16 16 IB 
16 1616 16 IS 
IS 16 15 IS IS 

17 T7 17 17 17 

IS 16 IS IS 16 
1616 161616 
(6 16 16 16 IB 
IS IS 15 IS IS 

17 17 17 17 16 
16 16 !£ 16 IB 
16 16 IB 16 IS 
IS 16 16 16 IS 
IS rs 15 15 15 

16 IS 15 15 IS 

16 16 16 1$ ra 

16 15 15 IS 14 
IS IS 15 14 14 
15 15 « M 14 

15 14 H 14 13 
14 14 HI 13 13 

14 |4 13 13 13 

14 IJ 13 JJ re 
13 13 B iz rz 

13 13 13 13 13 
B 13 13 12 12 
12 12 12 12 12 
12 IZ 12 re 12 
rare iz iz i 

13 13 13 13 1 

re 12 13 13 l> 
re 12 re re r 
re re re re re 
ir lire iz 

14 14 (4 IS IS 
13 13 14 14 14 
13 13 13 M 
IZ 13 IS 13 14 
IZ 12 IS 13 II 

IS 16 161016 

bis rs is re 

14 ISIS 1516 
14 M IS IS <5 
14 W M 15 15 

17 17 17 17 17 

16 16 16 1615 
IS 16 16 15 15 
IS 16 16 15 IG 
IS 15 15 IS IS 

1/ 17 IS 16 16 

16 16 16 16 16 
16 Ifi 16 1616 
16 [fi Ifi 1$ IS 
!S_kJ5J5J5 

1616 1717 17 
161616 IS J7 
ISIS rfi is ifi 
IS 16 16 tfi 16 
JSI5 15 IS IS 

17 18 13 19 n 
17 17 13 18 ID 
17 17 17 IS 18 
16 17 17 16 10 
16 16171718 

20 20 2Q 21 2 
193020 21 2 
19 19 ZD 3)2 
19 I9Z0Z02 

ra a 15 202c 

21 21213)26' 
*1 *20 2020 
2i 20 2Q 20 19 
>021)20 19 19 
»2O20 19 19 

)3"19 1918 17 
13 15 IB IB 17 
13 «B *G 17 17 
19 IS 17 17 16 
3 IB 17 17 J6 

17 17 16 id IB' 
IT » 16 15 15 
16 IS 15 IS IS 
16 16 15 IS M 
16 IS IS M 14 

ISIS 15 15 15 
15 IS 15 IS 14 
15 14 14 14 14 
(4 14 14 14 14 
14 14 IS 13 13 

151515 15 "15 
(4 14 W 14 M 
14 14 14 14 M 
13 13 13 M 14 
B 13 13 B 13 

15 15 15 15 15 
IS IS IS IS J4 
14 14 14 14 14 
14 14 M 14 14 
13 13 13 J3 13 

rs 14 14 H II 
M 14 K 13 13 
14 13 13 13 12 
B 13 13 12 12 
13 13 13 12 12 

13 13 IZ IZ IS 
12 12 C 12 1 

re re 11 n 1 
l? nil ll l 
12 Ii li ll 10 

IZ II 11 II 1 

<■ ii n ii i 
n ii i n 

to 10 10 10 IC 
io ID 10 10 'C 

ii ini in 
it ii n n i 
io io n n t 

IQ 10 10 IQ r 
10 10 10 ID 1C 

12 12 12 IS II 

1 1 re 12 12 u 

l( 11 12 (2 12 
II 11 II 12 12 
HUM 11 12 

iTmiira 

B 13 (4 14 14 
12 (3 IS 13 13 
IZ IZ IS 13 IS 
12 JZ B 13 13 

IS IS IS 15 IS 
hi J4 <4 HI 14 
W 14 14 M 14 
B 13 13 13 13 
B 12 13 13 li 

15 IS IS 15 IS 
14 14 14 14 HI 

14 W 14 14 M 
13 13 13 13 13 

15 13 IS 13 IJ 

IS 15 15 IS IS 
14 14 IS IS II 
14 14 14 14 li 

14 14 W 14 H 

15 13 (3 Ml V 

16 16 15 1717 
ISIS 1616 17 
(S IS Ifi IG 17 
IS IS IS rs Ifi 
14 IS IS 13 16 

1813 152020 
17 ia 1919?- 
171310 19 10 
17 17-6 18 19 
Ifi 17 17 IB ID 

20 2 f2iZl 2- 
2020 21 2 £' 
?3Z0?)Z03D 
10 £0?) 30 20 
10 192020 20 

Zl 

21 

20 

a 

>0 

30 19 T9 19 18 
19 19 19 19 18 
19 19 19 18 18 
191918 1818 
IB 18 18 IB 17 

9 17 17 16 1 B 
a 17 17 16 16 
17 17 IB IB IS 
17 17 IB IB IS 
17 16 16 15 15 

IS 15 14 14 KJ 
IS IS >4 14 12 
IS 14 14 13 13 
IS 14 14 13 13 
W 14 13 B 15 

13 13 1513 13 
13 13 IS 13 IZ 
13 13 12 12 12 
12 12 12 12 12 
12 IZ 12 12 12 

13 13 13 B 13 
12 12 12 12 13 
12 12 12 II 12 
12 12 12 12 12 

II 11 tl IZ IZ 

13 13 13 IS 13 
IS 13 13 13 13 
12 12 12 12 t2 
12 12 12 12 12 
IZ 12 re 12 IZ 

U 12 IZ <2 II 
re re re 12 t 

121212 II 1 

12 re 11 n 1 

12 It ll It K 

Trmcmno 
11 10 to .0 10 
n io » 9 9 
n ra » 9 9 
10199 9 9 

19 10 9 9 9 
9 9 9 9 9 
9 9 9 9 9 
9 9 9 9 9 
9 6 8 8 8 

$ 9 10 W C 
9 9 9 9 IC 
9 9 9 9 9 
9 9 9 9 9 
8 8 8 9 9 

ToToTui 1 
lolO II II 1 

ra r 10 n 1 
9 10 10 10 1 
9 9 1: rate 

17 (2 12 12 I? 
It '£ IZ re 12 
II II 1: 12 IZ 
It II II IN? 
ll II H K II 

1313 13 13 13 
12 C 12 IZ re 
12 12 12 l£ 12 

12 12 1? 12 re 

11 11 11 11 II 

10 U IS (3 B 
12 12 12 12 12 
12 t2 12 12 F2 
12 I? I? 12 12 

11 II (1 II II 

13 13 13 13 13 
12 13 II 13 13 

12 re 12 a 13 
re re iz re u 
12 iz re iz iz 

14 14 15 IS IE 
14 14 14 IS 15 
13 14 H 14 IS 
13 » 14 14 15 
13 13 IS 14 14 

IG 17 17 (8 18 
16 16 17 17 18 
r5 r6 16 171/ 
'5 Ifi 16 17 17 
IS 15 IG (fi 17 

19 919 1920 

16 (9 19 19 19 
'3 -8 19 19 19 

17 IB IB 19 13 
17 JB 13 16 18 

»> 

19 

19 

19 

>8 

18 IS IS 17 17 

ie is ft ir i7 

SB 13 17 IT 17 
IT 17 1? 17 IB 
17 17 S7 17 15 
iTi.’JTTfR 
IV 17 IT 17 l« 
17 17 17 16 16 
17 17 17 )6 IB 
17 17 17 17 15 

17 16 IB IS I 1 ? 
16 IB IS (S 14 
1616 IS 15 W 
16 IS 15 14 14 
!6 15 15 14 14 

rr is is k w 

16 IS 15 M [4 
16 15 15 K K 
16 15 15 14 f.V 
16 » 15 14 14 

HrrnnsT? 

14 13 13 1? 12 

14 15 13 12 12 
13 13 12 12 12 
13 13 12 12 12 

15 13 17 12 M 
13 1312 12 >l 

12 13 12 12 II 

13 13 12 12 11 
IS 1312 12 H 

12 " II II 11 
|i 11 II Jl II 
il r II II 11 
I 1 11 II II II 
|l 11 (Mill 
i- II II tl II 

r n ti n n 

" it it ii n 
ii ii ii n ii 

1! II II It II 
II II II 1(1 
11 11 11 11 1 
II II II 1' 1 
11 II II 111 
*1 10 ID 1 1 | 
IQ IO CO II | 
ID 10 10 10 1 

10 no n i 

11 n ii n i 

■fl IT? B 12 12 
n n n n n 

ti ii ii n n 

n n n ii ii 

Mil II II 1! 

Tnnnn? 

II 1: II 10 IC 
It II 1910 1: 
n 11 19 r ic 
II II 15. JO jC 

10 9 9 9 9 
10 9 9 9 8 
9 9 9 6 8 
9 9 9 5 6 
9 9 9 6 8 

100689 
1 MM 
6 6 8 8 8 
6 B 8 7 T 
9 1 7 7 T 

a e a a 9 
a e 8 a 
B 6 8 0 
7 7 s a 
7 7 7 3 8 

99 s M 10 
| 9 9 9 10 M 
8 9 9 9 ifl 
B 9 9 S IC 
8 8 9 9 9 
8 8 9 9 9 
8 a 9 9 9 
!8 8 9 9 9 
6 6 9 9 9 
a 9 9 9 10 

10 II 11 II 1' 
rase 1 n n 
10 id 1111 11 
1010 10 it 11 
n icio n ri 
KJ 10 ID ID l< 
10 10 10 It II 
10 1010 D II 
ID 10 10 tl ll 
1010 II 11 11 

rirn 11 ii "n 
|( 11 11 n 11 

it n 11 n 11 
If (1 i' ir 11 
II II M ll f 
iui ii ii ic 

II It II II (C 
ll H M n 1: 
11 r ti 11 11 
11 n 11 11 11 

r< Ii II i> II 

ti 11 1 

INI II II II 
II 11 IC 10 11 
<0 10 10 IQ IC 
10 10 "10 10 IC 
mo C K5 1C 

10 10 ki ID 10 
•MO.: 10 rc 

11 to 10 IQ IC 

ii ii 1 4 12 re 

<< 11 n re re 

II tl 11 II 1: 

II (1 II II (1 

10 11 r* 11 11 

13 (3 13 14 14 
12 13 13 13 14 
12 12 15 IS 14 
'" 12 13 13 14 
12 tZ 13 13 14 

15 15 16 Ifi 17 

is is rs ie is 
MIS is Ifi 16 
14 IS IS Ifi 16 

t4 is is is rs 

17 17 13 16 -6 
17 17 17 17 '8 
16 1? 17 17 17 
IG 17 17 17 17 
16 Ifi t7 I7J7 
IG 16 17 17 17 
1616 17 (7 IT 
Ifi tfi tfi 17 17 
15 rfi |7 (7 17 
IB IS 17 17 17 

18 

18 

17 

17 

17 

17 

17 

17 

17 

17 

tl II ti || n 

11 II 11 11 II 

tl 11 II II II 

II It II 11 II 

M ir 11 II 11 

1 11 1 19 1 ) IC 
11 ll ID 109 
II II ID KDID 
It II JO 10 IC 
11 It 15 10 ID 

9 9 9 5 8 
9 9 9 5 6 
9 9 8 8 8 
9 9 9 5 6 
9 9 9 6 8 

0 7 7 7 7 
6 7 7 7 7 
8 7 7*7 7 
0 7 7 7 7 

a a 7 7 r 

7 7 7 3 5 
7 7 7 9 6 
7 7 7 9 6 
7 7 7 9 6 
? 7 7 9 

10 ID II ll II 
10 ID 1- II II 
10 ID II II Fl 
ra ic. ri I1 11 
10 w ri 11 11 

12 1? 12 (3 14 
1212 12 13 13 
<1 1212 13 13 
11 ID re 13 IS 
IZ 12 IZ 13 13 

M 15 <5 15 Ifi 
(4 14 15 IS rs 
w 14 rs rs is 

M 15 16 1516 
M IS 15 IS IS 

17 17 17 17 IS 

! 8 17 17 17 IB 
(B 18 17 17 17 
i£ ia IB 17 17 
19 18 IB ',8 (7 
1919 IB >8 17 

19 <9 19 19 9 
3020 19 19 11 

20 22 2D 20 13 

21 21 2: 2920 

16 15 15 14 W 
IB (S IS 14 14 
16 IB IS 14 14 

16 16 IS 15 14 

17 IB IB IS IS 

mrrcins 

17 17 IS 16 IS 
a 17 17 16 16 
D IB 17 17 16 
13 19 10 17 17 

15 15 IS 15 IS 
13 13 12 12 12 
IS IS 13 12 12 
M 13 13 1212 
1-1 14 13 13 13 
HT4T3T3I3 
15 W 14 M 13 
15 IS 14 M 14 
IS 15 13 IS W 
17 IS IS IS IS 

11 I! II El II 

12 (I II M |1 
12 1! 11 |l II 
JZ 12 12 1' II 

12 12 12 12 IZ 

13 12 15 12 B 
13 IS 13 13 12 

13 B 13 13 13 

14 14 14 14 14 

15 15 14 14 H 

TT IT 1J I! "Jl 
II 11 ll II l 
u il Ii n i 

11 II II 111 

12 12 IZ 12 12 
B 12 IZ IZ 12 

13 13 13 13 13 

13 13 13 13 13 
M 4 14 14 14 

14 14 IS rs IS 

II it (1 ll ll 
tl K 11 II Ii 

11 11 tl I' II 

12 12 12 12 12 
12 12 12 12 12 
ir mm ii 

(3 13 13 13 13 

13 M 14 14 « 

14 15 IS IS \i 
(S IS IB IB 16 

Jl II II 16 H 

11 11 II 19 1C 

linn 11 ic 
rere n i< 1 

12 re iz re 1 
LiU! 12 12 11 

1313 13 J3 1? 
1414 141313 
IS 15 16 M 14 
>6 16 IS 15 IS 

9 9 9 6 8 
ID 9 9 9 0 
ID 9 9 9 S 

10 10 10 9 9 
[i lira 10 9 
mnoTfl 
re 12 v »• 11 

13 IZ IZ " 1 

14 B 13 13 JZ 
W H HI IS 13 

8 0 8 7 7 

a 6 B 0 a 

0 18 6 8 

9 9 6 6 8 

9 9 9 9 9 

ITT* 9 5 
f. ID JO tO '0 
H II II II 11 
12 12 12 IZ 12 
B 15 IZ 12 12 

7 580 6[ 8999 10 
a B 8 a 6[9 9 9 (CIO 

a G 8 a tl 9 9 9 10 JQ 

a 5 8 9 9 9 9 IT 10 1 

9 9 9 9 910 ID ID ' 1 

? 9 9 9 Kfl6t7 II II T 
IQ 10 IQ IC i( ll 11 IT 12 re 

11 11 II II 1^ II 12 12 12 13 

tz IZ iz I? IZ 12 U IS 13 HI 

12 12 13 13 id 13 W 14 14 15 

ra id r mil 

ID II 11 II 11 

ri 11 11 n 11 

II II 1MZIZ 

1 1 12 re re 12 
TTi2 (TUB 

E 13 13 B 15 

13 13 13 M 14 

14 14 15 15 II 

15 15 (5 15 1! 

in 11 ri 11 1 

11 11 11 11 11 
l( 11 II M 11 

12 CZ 12 IZ 12 
(2 12 12 12 12 

13 13 12 I2'i2 

13 a 15 13 II 

14 M 14 l'3 13 

15 IS 13 14 K 
IS 13 15 15 1! 

11 11 u raid 
ji 11 ir ti 11 

It II 11 tl ll 
11 tl II 11 11 

re 12 12 re re 
12 12 12' Eli 

a 13 13 13 12 

13 13 13 IS 13 

14 14 14 M H 

15 14 14 14 1< 

ra ii ii 11 11 

n (i 11 11 h 
n 11 n n n 

11 11 11 11 re 
re re re 12 re 
it re 12 12 12 

12 12 13 13 a 
13 13 13 13 Fl 
W M 14 14 M 
14 M 14 W 1! 

re iz )2 13 rs 
re t? 13 is rz 
12 re B 13 14 

12 13 13 M 14 
IS 13 B HI 14 

13 13 14 14 IS 

13 W 14 IS IS 

14 14 14 15 15 

14 IS 1516 15 

15 1516 16 17 

14 is rs ifi re 

14 IS 15 (fi 16 

14 IS IE 15 IG 

15 IS Ifi Ifi 17 
1$ ifi 10 r it 

1515 15 i7 17 
Ifi Ifi 17 17 Ifi 
Ifi 171710 <0 
17 17 Ifi 'fl 1< 
17 19 -8 (9 tl 

IS 17 17 17 17 
17 |7 17 ir rr 
17 17 t7 17 IT 
17 17 1719 'S 
17 13 18 '3 18 
ia is a ia'-a 
'6 19 "> t9 19 
ID 19 19 13 15 
19 2D » 20 20 

2020 20 ?i r 

17 

17 

17 

17 

<6 

18 

19 
ra 

20 

21 

a? ?2 n n ?i 

2J2J23 7J2J 
24M232J23 

zfzsztstzi 
?5 25 29?124 

25 c- 30 iN: 24 

24 24 23 232 3 

JO 20 19 I'D 
71?.' 21 20 30 
722221 2’ aa 
?3Z3?3M21 
JITTU^T! 
?'.23?523?1 
24 21 ?) 22 23 
252122:721 
tl 22 21 21 

:f >r i/ ib it> 
IB 1717 1717 
19 19 IS 18 17 
a 19 19 18 '3 
2-2020 19 19 
mi^rra 
? 2-202)23 
2- 2' 2020 13 
2120 2020 19 
a 19 19 19 19 

16 16 1616 16 
17 17 17 17 17 
IB 1717(717 
1916 '813 16 
19 1919 IB rs 
19 19 19 ia IB 
19 19 -3 IS i8 
19 18 '3 19 17 
IB 1717 17 16 

Ii ii ii it> i« 
16 16 16 16 16 
17 17 17 17 17 

17 p 17 re ra 

15 19 IB re -a 
iBT3'nnrn 

18 >9 i 18 IS 
18 -9 17 17 17 
17 17 17 17 17 

16 16 IS IB 16 

16 H> If- 1/ II 

17 17 17 B B 
•i ie 18 19 J9 

<B 19 1920 2D 
19 152020 21 
19 ID 19 STB 
IB 1919 1920 
>a IB 18 13 18 
17 17 17 |7 18 
16)6 16 16 16 

17 17 17 17 IS 

«S IQ IB (0 17 
raZDZDZ0l9 
20 2! 21 21 2 
2' Z22SZ 
7TZT7T77Z 
X) 21 21 21 £ 
19 13 j? I9za 
-8 19 -8 18 «9 
IB 16 16 IB M 

IB (6 1515 lq M 1 1 14 14 14 
17 17 IB IS IS IS 15 IS IS 

19 1918 19 Ijj 17 1717 IT 

20 DO 20 .9 13 19 18 13 13 18 
ZZ7ZZZZIZI Z' Z' 20 21 2 

— ii'jrnii 
227122222272222 212 
7) ?)ZDI?Dzd3)ZD3)ZDZl 
10 '6 18 B id '.8 18 19 'BIB 
1616 1615 IS 16 16 16 16 16 

14 14 14 HI 15 IS IS 19 15 IE 

15 IS IS IS 16. 16 16 1717 17 

17 17 17 17 dig 16 19 19 19 

18 18 19 19 id 192020 20 Z3 
2 r 21 21 2' 2T22?-'g222 

2! £1 21 2? 2^22 2227272 
OTZDZDZOZdzaZOZOZDZD 
10 13 10 (8 'BjlB '6 1813 IB 

16 15 15 16 IS 16 16 ISIS IG 

16 17 IT 17 17 

17 17 17 17 17 
ID 19 13 ID 19 
20 20 20 ZO 19 
3>2I2I?'20| 
272171 7l2tf 
2' r'zOZDrD 

1919 19 HID 
IE 13 10 18 ia. 
16 16 16 16 16| 

isTdls IE lu 
17 171716(6 
'0 IB 1817 17 
19 19 16 13 16 
[TO 19 19 19 16 
23 TO ID 15 TS 
! 19 1919 I9'6 
H9I6 1010 IK 
10 IB 17 17 17 
|I6I6 IG 16 Ifi 

IS 15 15 15 15 

rs 16 16 16 16 

17 17 17 17 17 

17 17 17 rr 17 
!8 '3 '0 10 13 

Tffl8'<rWIB 

'8 '9 IB 18 d 

18 19 'B 10 '® 
17 17 17 17 rai 
Ifi ifi Ifi 17 |7| 

15 IS 15 15 IE 

is 16 rs 15 re 

17 17 17 17 17 
17 17 18 ig 16 
10 18 18 DJ< 
TTJTTira 
'0 1919 1320 
10 '8 ID 1320 
10 '8 18 ID 1C 
1 17 17 17 13 'E 

1515 17 17 P 

17 17 17 '3 rs 

18 13 18 19 19 

’8 19 101920 
1 92020 21 

2020? T "?rT 
2) ?l 7 >' 

2 0 2M 2?2; 
2020 21 2' Z 
:JI93>: , 2I 

Ib (6 1920? 

19 ID 2D 20 ? 
15?) 2' z: Z 

20 21 ?\ ?> ?! 
?' 3? a?;? 

f? 2S243 
i'2}2WX 
7S 73 2SM» 
2222?*. 21 ?\ 

2' 21 IT 21 21 
2(21 222222 
22 2,123 2123 
2' 23 23 23W 
2I24X24 25 
SZ4K???S 
Z4Z525ZC25 
Z4 25 2525 75 
24252S2S2S 
2424 24 

TT 

?2 

21 

31 

25 

l 

15 

2$ 

25 

23 23 Zi&Zi 
23222221 21 
22 2221 2'3] 
21 ?' ?' 2023 

2120201915 
»»»I5T5 
a 13 1919-a 
19 19 19 18 19 
1918 'B <8 >7 
1918 >B 1717 

22 21 ?l 20 20 
21 20 20 19 13] 
B 191318 iBj 
ft .5 -3 IB 171 
19 18 17 tfij 
IB 17 17 17 !fcj 
17 17 15 15 15j 
17 17 IB 16 IS 
17 16 16 IS 19 
1/ 16 15 15 M] 

13 19 IB IB 17 
18 19 17 |7 17 
17 17 IB IB IB 
17 16 16 15 15 
|I5 15 IS IS 14 
*1615151414 
15 K H 14 13 
IS 34 14 15 12 

14 14 13 13 12 
14 13 13 T2 12 

IT 17 IS ] Ei !£ 
1$ 18 J-S IS 15 
15 rS 15 14 14 
15 H 14 14 M 
14 14 12 13 13 

RUBTSia 

13 13 12 12 IZ 
13 12 re IZ 12 

re re !> n ii 

! I2 1 

16 15 15 15 IU 
IS IS 14 14 14 

14 14 14 13 13 

15 13 13 13 13 
13 13 12 17 12 

T2 rein? i3 

1212 r i: 
1- M 1' r 11 
ll II I' 11 1' 
ii ll li ll ■*: 

is rs is is rs 

14 H1 14 14 14 
13 1313 13 1) 
13 B 13 13 13 
IZ 12 12 12 12 
1712121212 
■' ll ir n it 
;• I! 1 II r 
n i i: r. io 
IC IO IC 10 .0 

IS 15 IS 15 15 

14 14 14 HI 14 

15 13 13 13 13 
13 13 12 12 IZ 
12 12 (2 12 11 
in- r TTTl 
ll 11 ' !C -1 
1 11 rara 
10 r. io ra ic 
;; ra 10 9 

IS IS IS 15 IS t5 IS (5 15 IS 
14 WM 13 q 13 13 13 13 13 
13 B 13 IZ tq IZ re iz IZ IZ 
IZ IS 12 12 1311 II tl 1 

r it t' m i lira ra io ran 
ti tt 'ra wirtrx n'FrraiO 
ra ID 1C 9 9* 9 9 9 9 9 
ra 10 9 9 9| 9 9 9 9 9 
9999 9 1 96668 
9999 $188888 

14 IS (5 15 id 15 IS 15 15 IS 
(3 13 13 B Id 13 13 14 14 M 
IZ IZ IZ IZ IZ IZ 12 12 13 13 
11 !■ 11 11 l( 12 12 12 12 12 
'QIC ID 10 ir || || 11 111 
id rains die ran n < 
9 9 9 9 9 10 sc 10 ra •- 

9999999 IQ 
0 B B 0 9 9 9 9 9 ID 
8683B99999 

15 15 IS 16 l$ie 16 14 ISIS 
14 14 14 M 14 WJS B 15 15 
13 IS 13 IS 14 HI 14 14 H 
1213 13 13 IS 13 13 13 13 13 
IZ 12 (2 121212 12 12 (3 11 
M - 1? K IZIZ 1212 1212 

>• 11 11 n;«* 11 1- 212 

■. fti'i' n - II |[ II ■ 
ID !0 10 101 Ml |1 II V 11 
10 ic so tciqjiv'. 11 1' 11 

15 15 16 16 laiflT 17 17 'B 
IS 15 IS IS 19 IS 16 rfi Ifi '7 
14 14 14 HI 1415 IS IS 15 16 
13 M 14 H 19 14 « IS 15 IS 
131313 1313 13 K 14 14 11 
re a re n 1313 a is T4 
re re re re dre re b u c 
ri * r red El? re 1313 

I II 1' li 11. 11 '2 1212 13 

II tl II ll lljlll . 12 12 

1575153020 
1713 '3 IDZO 
16 17 17 16 IJ 
ifi IS 17 l.'IB 

13 IS 16 17 17 
15 17 Ifi (fi ir 

14 14 15 is isl 
H 14 15 15 15. 
13 13 14 Mr id 

15 13 14 14 is] 

21 S5?: 2 

»-1 £122 23 
33)20 ?l ?] 
<1 1720 20 ?j 
'9«9 ID 19 H 
17’B'8!?i 
16 17 '3 '9 1 
16" 17 a q 
16 Ifi >7 -7 9 
1515 tsr 

£J?iKZ4 24 
22?12J?3 2D 
???>?,? 22 22 
2 • 21 2: 21-22 
20 Z' 2' 2‘- 7> 

19 -5 207320 
•3 4 (91920 
8 19 '19 !9: 
•9 -8 *B ID IS] 

sr 

23 

22 

22 

?' 

T~ 

20 

20 

19 

19 

ifl ia ia 17 17 
18 >9 17 17 17 
•8 '3 17 17 IE 
'8 18 17 17 IB 
>8 17 17 17 IB 

[E16Tin5"3 
16 16 IS 15 14 
16 15 15 14 K 
JG ISIS 14 14 
1$ IS IS 14 I4| 

-w 13 iz iz 
13 13 13 12 12 

15 13 re -2 12 

121312- 1! 
13 1312 12 ►. 

temm 

'll 1' IF II II 

]n i 1 n n ra 
;n n n i: io 
'• 11 11 10 10 

idupii i i 

r ic !M0 ic 
io ra io i: ii 
i: io io io ia 
10 10 10 10 .0 

■ PD iu it n 

io ic : id io 
r ID to ID 
10 ra 15 ID 10 

id to i; io io 

in J 9 ? 9 

.9 ID 9 9 3 

10 9 9 9 9 
9 9 9 9 
>09999 

9996 998888 

99BB6! 95603 
MM $188888 
988 8 89 8887* 
9 9 fi 0 S' 0 6 7 7 7* 

TTTTfTTTTS 
B M 9 M M M 
9888 S' 68699 
7888688999 
7688 8.83499 
7 t rjir s i i 9“9 
0883 683999 
6868 6' 88999 
68BBB! 89999 
0890 G| 99049 

g r. iu id 'Ay: in io to id 
9 9!. 10 IC( ID 10 rra IC 
9 9 ra ID IT 0 ra IQ ID il 

991 10 10 10 ' Q 10 . . 4; 
9 9 9 icq 1910 ID ran 

1010 It >.' It II II ll 12 12 
ID JO IC IC If )• ll tl tl U 
1- ID 10 It 11 11 II 11 ll 12 

- 10 tore 10 11 11 if ii 1: 

15 13 13 M 14 IS IG IC ’7 17 
12 13 (3 14 1415(6 161/ 1/ 
I? 13 13 14 i.iis 151616 17 
12 13 13 MI 14(5 15 1617 

12 JIB B 1415 IS Ifi Ifi 17 

■r '8 -B ie -ana 
17 >8 <6 '$ tal'B 

17)713 '8 igl'6 

17 17-0 ia<B'l6 
I?J7-0'8 9!'9 

?n? 17I7TS 
18 17 17 17 IS 
18 17 17 17 IB 
'8 17 17 17 17 
'8 »3 7 17 17 

TS'IS IS 14 h| 
16 15 IS 14 
16 rs IS 14 14 
16 1615 (5 W 
16 16 15 15 I4| 

13 13 12 12 1 

13 13 IZ re 11 
12 13 12 12 12 

14 13 12 12 12 
14 13 13 12 12 

! ii Ti ii r iu 

1' II 11 II ID 
|1 II II II “0 
I ■- II 1' 11 
IZ II 11 II 11 

r io io iu i: 

10 10 10 10 IC 

ioioioioi: 

10 JO . 10 IC 

n n ;>ro ic 

imno io ra 

10 19 15 19 ra 
ID 10 is 15 :0 

- ra io ra io 

10 10 10 ID 10 

ra g g g'g 
‘D ID 9 9 9 
10 10 9 9 9 
19 ID 10 9 s 
ID IT 10 9 9 

9 3 S 6 MTT 

9 9 8 8 8: 8 6 8 8 8 
9888 8 06883 
996Q 6. 6 669BI 
999B9B6B68 

9 T TT 1“ idiolDTO DU 
9 9 r tQ icjlOlQlOSD H 
3 9 r to I0| IC 10 10 ID K 
9 ID 10 ID d 1" KJ r 13 K 

ra 10 1:1: raiowio r 

mura njrlTT rnurre 
1310 10 ’: irii 11 11 11 12 

•D 10 1910 11*11 11 111? 12 

1310 11 11 trill 11 11 ra 1; 
• n n 11 iqn n 11 1? 12 

re imM-wrnsw Ten 

12 13 13 W 1415 BIS 16 17 
12 13 13 M 1415 15 15 15 17 
12 II 1314 14(5 IS Ifi IG 17 
12 B B H 14| 15 15 16 16 1/ 

Trr7T7'3‘ , BTr5" 
17 T7 17 -SIBlra 
17 17 IB 'Q'B.'B 
17 17 '8I8-BH6 
(7 -9 <6 IS -Bj'S 

l« IU -7 [/ |7 

18 i9 is r-7 
i$ 19 16 '8 17 
■3 13 IB 18 17 

19 19 IB 18 IB 
T779 rare 13 

19 19 19 J9 IB 

20 23 19 19 19 
202020 19 19 
M 20 2) 19 19 

16 16 15 15 Ml 

17 16 IB IS IS 
17 16 16 IS 19 
17 16 16 15 isj 
l T '7 16 (6 IS 

re-irirms 

IR 17 '7 16 q 
'B 18 17 17 id 
IB 18 (7 17 17] 
19 18 19 17 17] 

1413131212 
14 13 13 12 12 
14 14 13 13 13 

14 14 14 13 1! 

15 14 H 13 13 
T5 IFF) m r: 

15 1$ 15 14 K 

16 15 15 15 14 
16 16 IS IS K 
IB Ifi IS IS >! 

’iz "T II 1 1 

12 '2 " - II 
12 12 12 12 1 ' 
IZ IZ 12 IZ 12 

13 re IZ 12 tz 
'13 IS 13 12 12 
B 13 13 13 13 
;14 14(3 13 13 
M 14 14 K 13 
.15 14 14 1414 

ri n ii ini 

11 li 11 II II 
i' run i| 
|i II Ii 11 11 
IZ IZ IZ IZ IZ 

re irirc tz 

12 12 12 12 J2 

13 13 13 13 l! 
JS 13 13 13 12 

14 14 M 14 \< 

n c r ii“P 
II ll l' II 11 
II 11 II 1111 

11 11 11 i ii 

iz re iz iz 12 
TTI2 iz rz tz 

12 re re 12 re 

B 13 13 13 13 

13 13 13 13 13 
M 14 13 13 13 

JJJU IU W 9 

11 -5 10 10 IC 
ri ti i n ic 
r n 11 ■. 

ir 11 1 11 n 

t2-m2T7-ri 

12 12 12 1? II 

13 IZ IZ IZ IZ 
13 13 13 12 1; 
J3 )3 B 13 13 

TTTTU!T!TT1 
9999 9| 96888 
10 9 9 S 9| 9 9 9 9 9 
lot)} S 9 1 9 999 

It) to 10 ., 9l 9 9 9 9 9 
ir ci fD io ri rncrio g '' 
n u n i^ia io iora ic 
iz r n n u ic iv.ra 

12 12 1' il 1| It ll II .11 t 

iz re re n ij u ti n k t 

TTrornr™ 

6 8 9 9 9 9 9 9 >0 IC 
9 9 9 9 9 9 9I06K 
9999 99I0I0CS 
9 9 9 9 10 10 10 IQ 1 
9 9 tOlDTOraiO 1! 1' r 
10 10 n IQ IQ .. 1- tl 11 11 
19 1: ra id 11 11 it ti ir 11 
11 11 11 11 11 k 11 12 12 re 
i< II ll II l| it re 12 1212 

IQ >u K> lu'n] 1 1 ri n 11 t 

10 1' 10 j- mil 1' n n ri 

ic 11 i- 1(11 tl ll 11 

11 1' ll (1 ir It II tl II 1 

11 11 it it tqi2 1212 12 12 

11 11 re re tzi2 ret? iz t2 
re iz 12 re ia re iz iz re i< 

12 12 12 IS (3 ts 13 13 13 11 

12 13 13 is Id 13 13 13 13 1: 

(3 13 13 13 Jd t5 14 14 |4 H 

it 11 it n r+n n -’izre 
11 • n <i ir 11 12 12 1? II 
11 ii 11 11 rah? rere is n 
11 11 iz re re 12 re 12 ra u 
re 12 12 12 i2f2 re 13 13 ji 

i?i?i?rerarsi3f3?3 f 
iz i- B 13 15 B 13 13 14 F 
13)3 BIS 3 13 M 14 14 H 
IS 13 IS IS 1 4 14 14 14 14 1! 
14 14 14 14 1^ 14 14 14 15 II 

I3'TTT8 Tl'd lb Ifi 14. 1.-77 
1313 14 14 IS 15 16 15 '7 

13 14 HI IS dlfi Ifi 97 17 17 

13 14 M 15 die 16 if (7 <r 

14 14 S IS tSjl6 li’ 1716 'E 
14 TF15 15 WIF T 7 I7TTTTE 

14 (5 15 16 id (7 '7 IB'B f. 

15 IS Ifi Ifi |d 17 |7 16 'B ll 
IS IG 16 Ifi 1.1 17 18 '8 13 I* 
IS 151617 1 7] 1 B (8 ID 19^ 

18 13 'B -aiB.'B 
'8 IB 18 )9 19' 19 
'8 '9 1919 >9|I9 
18 ID 19 19 l*| 19 
T9 17 19 ?J -J M 
■D 19202320120 
-9'-Dr92QZQ|x> 
20 ZO 20 20 21 ?l 
20 20 2Q 21 ?'|2i 

2i c~) *}£ j iy 
?12I 7' 2020 
212 2130 20 
2221 21 2135 
nv 21 ?• 21 
zrzrzzr' zr 

7?T 2>2I 21 
2322 E?>?. 
23 23Z Z7?Z 
3323 7:23/ 

' 2373 23 3? 2 J 

T9 19 ib IT rq 
13 13 <B IB 17] 
30 13 19 18 18 
20 19 19 i$ d 

ao20)3 raid 
anDreirtd 
7120 ?0 19 id 
212020 19 id 
7 21202013 

? yiaoaod 

?r 7- ?i jjjj 

17 16 IB IB 1! 
17 17 16 16 IE 
17 17 16 IB 16 
19 17 17 r 16 
IB 17 17 17 17 
remrirn 
<9 16 18 17 17 
IS IB '8 1717 
19 19 18 19 IS 
13 13 -8 19 IB 
'U I'J 13 13 Iff 

1 13 IS 15 M 11 

15 IS IS IS IS 

16 15 (5 IS IS 
16 IBIS 1515 
15 16 16 IS 1C 
[1/ 16 16 16 lb' 
|I7 17 1716 16 
.17 17 17 17 17 
1717 17 1717 
(8 17 17 17 17 
'm I9IU 18 U 

14 14 14 1*1 14 

15 IS 14 14 14 
15 IS IS 15 IS 
15 15 15 15 IS 
15 IS 16 IS IE 
TB IS 16" 1516 
IS 16 16 IS JE 
1616 16 16 IE 
17 17 17 17 17 
17 (7 ' • 17 S7 
17 II 1/ 1/ 1/ 

14 14 14 w m 
M 14 14 14 J4 

15 15 IS IS H 
15 13 15 15 15 

15 IS IS IS IS 
15 15 16 T6 15 

16 1515 1616 
\C 15 16 16 l« 

17 17 17 17 17 
17 17 17 17 17 

'll J7 It 1/ 17 

11 14 16 15 ll 
14 14 14 13 12 

14 14 M ]4 (2 

15 IS 14 14 1< 
15 IS IS H (<1 
IS 15 15 IS 14 

15 16 15 15 (I 
IB 16 16 IS II 

16 16 16 16 I* 

17 17 1616 16 
1/ 17 17 IS lb 

13 13 12 12 re 12 12 12 12 
\l IS 13 (2 tzj 12 12 12 12 ID 
1413 1313 13 IZ IZ IZ 12 12 
M 14 13 13 13 13 13 IS 13 II 
HniWTsrfn T3I3B13 
15 14 14 14 M 13 13 13 15 1! 

IS 14 14 14 14 i< 14 13 13 J3 

15 15 IS 14 14 14 14 M 14 14 

15 15 15 IS 14 14 14 l-l M l< 

1 1 1 1 11 1 1 (.1 IZ IJ IZ IS II 

12 (2 12 12 12 12 12 B 13 ll 

12 12 re 12 (2 B 13 13 B 14 
IZ re E IS 13 13 13 B 14 14 
(3 1313 11 jdlS 14 14 14 H 
t3 TS 13 irrj M I4 T4 J4B 

13 B 13 14 l4 14 14 15 15 II 
(3 tS 14 14 14 14 14 IS IS ll 

14 W 14 (4 \A IS IS IS 16 IE 
14 M 14 14 13 15 15 IS 15 IE 
14 11, IS l!> K gill Ib 1b It 

(4 M W M 14 W (4 14 14 H 

14 14 14 14 15 IS 15 IS 13 11 

14 IS IS 15 IS IS IS 15 IS li 

15 IS IS 15 19 IS (5 IS 151! 

is ii li I7TEI 15 IF 16 15 n 

15 16 15 16 -fl 16 15 IG 15 K 

16 16 16 16 16 16 16 IS 16 H 

16 ll (6 17 IT 17 1/ 17 17 17 

1616 17 17 l?| 17 17 17 17 11 

l Uinn f rMH?T7 171; 

14 14 ISIS (9 IS 15 151616 

15 1515 15 Id 15 1516 16 IE 

15 15 IS 15 19 IS Ifi 16 (fi IE 
1516 16 IS lK tfi 15 16 1/1; 
TET5 I5T5 19151516 (7 17 

16 16 Ifi IG ifi 17 '? 17 17 17 

16 Ifi 16 17 1? 17 (7 1/ 17 '6 

17 IT 17 17 17 17 (7 17 '8 IG 

17 17 17 17 171 17 17 IB '8 IC 

u ij 1; 1/ \* ia re 111 ''S 1; 

1616 ir iJ JiB ra n n A 

16 17 17 1716118 19 19293 
16(7 17 '8 -b) 19 ID 2D2Q2; 
17 17 18 *9 q 192020 292 
17-819 14. 9 20 39 21 ? 

rrr8'-B T7icnr?D?DZi ? 
>8 18 19 ID ;3ha?j2l ? 2 
ie ie 19 192420 21 ?■ 2 . ? 
ib 19 :3»2da?i2i ?•?. 

J9 19 ID202q?l ?*2l 11Z 

rrZIgigl ?46f 

?• 21 2 21 g?2 

21? 2? 3?.: 

21 22 '722 2822 
”»rzr7 , ?d?3- 
72 23 23 ZD 23 
-’22 2)23 2323 
221 '23212^73 
£323ZiZ3q£J 


20 15 10 5 0 5 10 15 20 

4>(DEG) 


Figure 56. Port 4 Cross Polarized Pattern Map 



Figure 43 demonstrate excellent matching of the E- and H- plane patterns 
throughout the frequency band. These patterns are essentially side lobe free 
as desired, with minor shoulders just beginning to appear at the higher end 
of the band. The cross -polarized patterns are typically greater than 30 db 
below the desired polarization in each pattern planes. A digital field map of 
the port 1 pattern, shown in Figure 44, demonstrates the high degree of 
rotational symmetry achieved at the center frequency, wnicn is also typical 
of the lower portion of the band, while the higher frequency map of Figure 45 
shows the pattern symmetry to be deteriorating. Figure 46 is typical of the 
port 1 cross -polarized patterns, showing the cr os s -polarized response to be 
greater than 30 db down in the principal planes and increasing to approximately 
Z0 db down in the ± 45 degree planes. 

The port 2 transmit patterns, shown in Figure 47, are slightly poorer than 
expected, showing the results of errors in mode phasing. The E-plane 
patterns are narrower than the H-planes throughout the band, and the side 
lobe level approaches -12 db at the upper frequency. The cros s -polarized 
component is seen to be similar to that of port 1. The effects of the phasing 
error can be clearly seen in Figures 48 and 49, where the departure from 
rotational symmetry is quite evident. Some loss in illumination efficiency 
is naturally attendant to such pattern distortion, but, as will be seen in a 
later section, the reflectors tend to smooth out the primary patterns. The 
length of the phasing section should be increased by approximately 0, 025 to 
0. 030 inch to improve the port 2 pattern characteristics. 

Difference patterns of the LSE^ ^ coupler, port 3, are shown in Figure 51. 
These patterns, which provide for tracking in the elevation plane, are seen to 
be quite independent of frequency across the receive band, with a stationary 
deep null and only minor amplitude variation. The field map of Figure 52 
shows the difference pattern to be well behaved considerably beyond the 
subreflector illumination area. The cros s -polar ized pattern shown in 
Figure 53 is worthy of comment, in that the cross -polarized characteristics 
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determine to a great extent the requirements to be placed on the polarizing 
network to be discussed, in the following section. It is seen that the cross- 
polarized pattern is an azimuth difference pattern of nearly the same magni- 
tude as the principal polarization. Therefore, any substantial cr os s -polarized 
energy in the feed network results in cross talk between the tracking channels. 
Such cross talk diminishes as an on -axis condition is approached, and only 
slowly degrades tracking stability as the polarization purity is compromised. 
An axial ratio of 0, 5 db for the polarizer provides approximately 25 db rejec- 
tion of the cross -polarized components, and is quite adequate for suppression 
of interchannel cross talk. 

Azimuth plane tracking signals are derived from the TE^ ^ coupler, port 4. 
Patterns of this port, shown in Figure 54, are similar to those of the LSE^ ^ 
port, with stable, deep nulls across the frequency band and only minor 
amplitude variation. The preceding discussion of cross -polarization applies 
equally well to this port. 

In general, the pattern characteristics of the deliverable feed network are 
considered excellent, and well within the goals of the contract effort. 

2. 2. 5 Polarizing Network 

The contractual statement of work requires that the design be capable of 
providing any combination of right and left circular polarizations for the 
transmitting and receiving channels. There are two primary considerations 
concerning performance of the polarizer. Very low ellipticity is required 
over the receive frequency band in order to maintain tracking nulls of satis- 
factory depth. An ellipticity of 0. 5 db is an acceptable level in this context, 
while a value approaching 0. 1 db is desirable, Ellipticities of 0. 5 and 
0. 1 db result in cross-polarization levels of approximately -25 and -40 db, 
respectively. Ellipticity is directly proportional to loss in efficiency; 
therefore, it must be held as small as possible over both transmit and 
receive frequency bands. 

A variety of techniques are available for producing a circularly polarized 
field, most of which are somewhat limited when a flexible, broadband device 
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is desired. Dielectric slabs or other phasing devices in waveguides or 
horns generally have limited bandwidth and are difficult to adapt for right and 
left sense changes. The optimum technique would involve a separable, 
external device which would impart circular polarization over a large band- 
width to a wave emanating from an arbitrary linear radiator. The charac- 
teristics of beam shaping would then be determined by the primary antenna 
and the circular polarization would be produced by an add-on device with 
minimal effect on other properties of the primary radiator. 

Several such transmission polarizers have been reported in the literature 
(References 15 through 18),, all based on the concept of a polarization- 
sensitive space filter which produces a 90-degree phase difference to orthog- 
onal components of an incident linear field. The simplest configuration 
consists of several grids of parallel wires oriented at 45 degrees from the 
plane of the E -field. That component of E -field which is perpendicular to the 
wire grating passes essentially unperturbed, while that which is parallel to 
the grating experiences the required 90-degree phase shift. The more complex 
configurations utilize grids of meander lines (a square wave type of line) or 
of rectangles and straight wires. While the more complex configurations 
appear to offer the potential of better performance than the straight wire 
version, the published data available at the outset of the program showed the 
experimental results achieved with the straight wire configuration to be at 
least equal to those of other implementations. Therefore, the straight wire 
grid configuration was selected for development. 

An experimental model of a wire grid polarizer (Figure 57) had previously 
been fabricated and tested under an MDAC IRAD program. Based on a some- 
what limited analysis, a basic configuration of four grids with wire spacing 
(w) slightly greater than \/Z and approximately \/4 grid spacing (s) was 
selected. This model, designed for operation between 14 and 15 GHz, was 
fabricated to allow variations of these parameters about the basic values. 

Wire diameters (d) larger than 0. 050 inch were found to cause unacceptable 
reflections back into the horn with small horn-to-grid spacings. Separation 
between horn and grid (h) also had a significant effect on performance. Data 
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Figure 57. Prototype Polarizer 
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obtained with that model, shown in Figure 58, show an ellipticity less than 
1 db over a bandwidth greater than 1 GHz is achievable, or a selected fre- 
quency band several hundred MHz wide could be held to approximately 0. 1 db 
at the expense of increased ellipticity at other frequencies. Performance of 
the polarizer was extremely sensitive to minor changes in device geometry, 
to a far greater extent than indicated by analysis. Edge effects from the wire 
ends, strong interaction between horn and grids, or other resonance type 
effects were suspected as the cause of such sensitivity. A number of experi- 
ments was performed to determine the source of the disruptive effects, 
including the use of absorbers, conductive coatings, etc., but although the 
effects were gradually reduced, their source was never specifically located. 

It was found that completely enclosing the outer dielectric supports with a 
conductive material, simulating a continuous metal frame around the grid 
network, provided more predictable results than the open grids of Figure 57. 
Data obtained with the conductive shell configuration are plotted in Figure 59; 
the ellipticity is seen to be quite low, particularly across the lower two 
thirds of the frequency band. 

Up to this point, all polarizer measurements had utilized a horn which was 
small compared to the polarizer aperture. It was found that the data of Fig- 
ure 59 could not be duplicated when the larger horn of the feed network was 
used. It is very undesirable to increase the size of the polarizer or to sub- 
stantially increase the spacing between horn and polarizer, in order to 
reduce interaction between the two elements, since these solutions would 
increase the aperture blockage. A circular grid aperture, with a diameter 
equal to the diagonal measure of the horn, was found to diminish (but not 
eliminate) the criticality of the various parameters. These effects were 
never overcome to the point that the device could be described analytically 
in more than gross terms. Another difficulty arose with usage of the feed 
network; the ellipticity achieved with ports 1 and 2 was slightly different 
for a particular polarizer configuration. This can readily be attributed to 
minor field perturbations in the vicinity of the difference coupler slots and to 
any slight deformation of the square guide or horn structure which might alter 
the local field polarization. While these differences were relatively small 
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(on the order of 0. 25 db), they required separate measurements and the 
ensuing compromise to determine optimum parameters for total subsystem 
operation. 

The final polarizer configuration, mounted on the prototype feed network, is 
shown in Figure 60. This configuration used a tapered spacing between grids 
which seemed to improve the bandwidth characteristics. Drill rod was used 
as the wire elements in order to maintain the wire geometry to a satisfactory 
degree. Figure 61 depicts the network configuration, and the final eccentric- 
ity data are plotted in Figure 62. In order to facilitate handling and prevent 
damage to the wire structure, slabs of 2-lb/ft 3 foam dielectric were used to 
fill the spaces between rows of wires, and the entire unit was covered by a 
single ply of 4-mil fiberglass cloth. The final data are not as good as those 
achieved with the configuration of the prototype polarizer upon which the 
deliverable unit was based, which exhibited less than 0. 5-db eccentricity 
from 13. 2 to 14. 0 GHz, and between 1. 0 and 1. 5 db across the transmit fre- 
quency band. This difference appears to be due only to manufacturing toler- 
ances and indicates the remaining degree of geometrical sensitivity. Further 
effort toward optimization of the polarizer network would appear to be 
significantly beneficial. 

Effects of the polarizer on the V SWR and isolation of the various ports of the 
feed network are negligible. Pattern change due to the polarizer was less 
than the pattern measurement accuracy in the principal polarizations; cross - 
polarization levels increased from the -30 db of the linear configurations to 
the area of -25 db for the circular version. Digital field maps did provide 
an indication of slight off-axis, nonprincipal plane pattern distortions due to 
the polarizer, resulting in small, local departures from the desired rota- 
tional symmetry. Tracking null depths remained essentially the same, some 
greater and some less than those of the linear network, but all better than 
-30 db which provides very accurate and stable tracking. 

The deliverable circularly polarized feed assembly is shown in Figure 63. 

The feed assembly is presently configured for receiving right-hand circular 
and transmitting left. To adapt to left circular receiving and right circular 
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Figure 60. Final Polarizer Configuration 
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Figure 63. Feed Assembly with Polarizer 
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transmission requires only that the polarizer be rotated 90 degrees with 
respect to the feed network. Care should be exercised to maintain the 
3/ 16-inch spacing of horn to polarizer after making this change. 

2. 2. 6 Tracking Network 

The function of the tracking network is to combine the azimuth and elevation 
difference signals with the receive sum signal in such a way as to provide 
the composite signal required for single -channel monopulse tracking. To be 
compatible with the existing Apollo transponder and antenna electronics, the 
RF difference channels must be alternately added to and subtracted from the 
receive sum channel, resulting in four possible states of combination: 

+ elevation, + azimuth, - elevation, and - azimuth, in that sequence. Con- 
trol signals for the sequence are provided from the NASA-MSC antenna elec- 
tronics in the form of two 50 Hz, +3V to -50V square wave signals (FTD I and 
FTD II) in phase quadrature. The network required to perform this function 
is shown in Figure 64. 

As originally conceived and proposed, the network was to be implemented 
with ferrite devices for the switching and phase -shifting elements. A survey 
of available components and complete networks and extensive discussions 
with device manufacturers resulted in several potential configurations, most of 
which would require some measure of device development for operation at 
our frequencies. The criteria used for selection were primarily cost of 
implementation, network complexity (including required peripheral hardware), 
and reliability. 

The basic configuration considered (Figure 65a) utilizes a three -port 
switchable circulator as the switch, followed by either a circulator or a 
differential phase shifter. Components for this configuration are available 
with minimum component development, and the cost of RF components is on 
the order of $3, 000. The major disadvantage encountered with this imple- 
mentation involves the sensitivity of absolute insertion phase of the ferrite 
devices to temperature variation. Since relative phase must be maintained 
between tracking error signals and the reference sum signal, variations in 
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Figure 64. Tracking Network Configuration 












insertion phase between the feed network and receive channel combiner must 
be avoided. Most manufacturers of ferrite devices enclose them within active, 
temperature-controlled packages, which is unattractive from a cost, relia- 
bility, and prime power viewpoint for spacecraft applications. In addition, 
it can be seen that the unused error signal is routed, in the three-port 
circulator, back to the other error port. Isolation within the switch is ade- 
quate to keep this signal from degrading the desired tracking signal directly, 
but reflections in the feed network, or close coupling between the azimuth and 
elevation coupling ports within the feed, might be sufficient to cause serious 
error -channel cross coupling. An improvement on this scheme is shown in 
Figure 65b, where a four-port circulator is used for the switch. Here the 
unused error signal is routed to a termination and acceptable difference port 
isolation is achieved. The phase shift is also accomplished with a four -port 
circulator, with orthogonal ports terminated in short circuits placed to provide 
a 180-degree phase difference in the two paths. A fixed circulator, with 
insertion phase equal to the total phase of the switch and phase shifter and 
with similar phase -temperature characteristics, can be inserted in the 
receive sum arm to maintain phase balance over the full operating range of 
the ferrite material without the requirement for a temperature-controlled 
package. Although the devices required for implementation of this configura- 
tion appear feasible, development costs were estimated to be between $10, 000 
and $25, 000 and satisfactory operation over the desired temperature range 
remains questionable. 

The most viable proposal for a ferrite configuration was offered by 
Electromagnetic Sciences, Inc. That firm, proposed a modification of an 
existing complete network, as diagrammed in Figure 66. Proposed insertion 
loss (1 db maximum), isolation (20 db minimum) and other pertinent specifica- 
tions for this unit were excellent, but for an operational temperature range 
of -40° to +126° F, a 115 volt, 2 amp (maximum) heater supply is required. 

The unit is housed in a rather large container (which could be minimized for 
flight applications) and required additional power conversion and logic inter- 
face equipment for compatibility with the Apollo-type hardware. The price 
of the network was quoted to be $3, 500. 
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An alternative to the ferrite configuration, utilizing diode SPST switches, is 
shown in. Figure 67. This configuration offers the advantage of minimal 
phase -temperature sensitivity with no heater requirement, insertion loss 
comparable to that obtainable with ferrite devices, unused difference channel 
power is terminated rather than reflected back to the feed, and the network is 
relatively inexpensive, compact, lightweight, and producible. The only 
active elements in the device are four diode waveguide shorting switches. 
Azimuth and elevation difference signals are input to the E and H arms of a 
folded hybrid tee. The output arms of the tee each feed a hybrid coupler 
whose outputs are terminated with a diode shorting switch followed \g/4 later 
by a fixed -waveguide short. Turning on the diodes thus changes the location 
of the short position by 90 degrees, and results in a 180-degree phase shift 
at the coupler output. Coupler outputs are connected to colinear arms of a 
second, hybrid tee, of which one output is terminated in a matched load. 
Depending on the state of each pair of diode switches, either azimuth or 
elevation signal in either a 0 - or 180 -degree state is routed to the output 
and the other difference signal is routed to the termination. Since the phase 
shift is determined only by the spacing between diodes and fixed shorts, the 
device is quite insensitive to temperature variations, but is limited in operat- 
ing bandwidth. As will be seen, the bandwidth achievable is adequate for this 
application but not foz' much more. Insertion loss of the network is dependent 
upon the state of the diode switches, being minimum when all diodes are 
shorted and. maximum when all diodes are open. This results in a slight bias 
to the tracking null of one channel at large bore sight angles but disappears 
as the boresight condition is approached. The cost of implementing this con- 
figuration was estimated at $3, 000. 

The final choice for implementation of the tracking network was between the 
ferrite configuration offered by Electromagnetic Sciences, Inc. and the diode 
configuration described above. Costs of the two versions, both for the bread- 
board unit and for subsequent production, are approximately the same. The 
ferrite configuration offered better bandwidth and required no development, 
so that its performance parameters were reasonably assured. Insertion loss 
of the diode configuration was somewhat questionable, as was its bandwidth 
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Figure 67. Solid State Tracking Network 



capability. Reliability of the individual devices appeared to be equal, based 
upon the information obtained from various suppliers, but the increased com- 
plexity of the ferrite configuration (primarily in the thermal control hardware) 
suggests a lesser reliability factor for that network. It was decided to build 
the diode configuration so that its performance could be evaluated against the 
benefits of eliminating the thermal control system of the ferrite configuration. 

Satisfactory diode switches were obtained from Microwave Associates, Inc. 
Specifications for the switches included an insertion loss of 0. 5 db maximum 
and a minimum isolation of 20 db across the 13.5- to 13.7-GHz bandwidth. 
Measured parameters of the delivered devices ranged from 0-3- to 0.45-db 
insertion loss and 24- to 28 -db isolation. 

The network was first assembled with variable waveguide shorts in place of 
fixed shorts. With the variable shorts set at Xg/4, the data of Table 5 were 
obtained. It can be seen that the insertion loss is generally higher than 
desired, varying from 0. 5 to 1.7 db, the phase shift in the azimuth channel 
varies ±20 degrees at the band edges, and interchannel isolation is not 
sufficient at the band edges. The expected insertion loss unbalance between 
the two states of the azimuth channel is also quite evident. Empirical 
optimization of the short positions resulted in the improved performance of 
Table 6. Fixed waveguide shorts were then machined to match the electrical 
lengths of the optimum variable short positions. 

The results achieved with the diode configuration are seen to be comparable 
to those of the ferrite version over the bandwidth required. The channel 
isolation can be seen to be approaching -20 db at the band edges, however, 
and it appears that for a requirement involving any substantially wider band- 
width, the ferrite configuration would appear more appropriate. 

Operation of the tracking network is pictured in the scope trace of Figure 68a. 
For this demonstration, receive sum and difference signals were developed 
in the network of Figure 68b. The two difference signals were modulated 
with different audio waveforms for identification. The upper trace in the 
photograph is one (equivalent to FTD I) of the two control signals, the second 
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Table 5 

PRELIMINARY TRACKING NETWORK PERFORMANCE 
13, 500 GHz 13, 550 GHz 13, 600 GHz 13, 650 GHz 13, 700 GHz 
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Figure 68A. Tracking Network Operation 
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Fig. 68b Tracking Signal Synthesis 
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Table 6 

FINAL TRACKING NETWORK PERFORMANCE 


Channel 

Switch State 

Center Frequency 

Band Edge 

(Typ) 

Insertion 
Loss (db) 

Relative 
Phase (deg) 

Isolation 

(db) 

Insertion 
Loss (db) 

Relative 
Phase (deg) 

Isolation 

(db) 

Pair 

A 

Pair 

B 

+ Elevation 

High 

Low 

0. 25 

180 

23 

1. 20 

180 

22 

+ Azimuth 

High 

High 

0. 50 

0 

25, 5 

0. 65 

0 

25 

- Elevation 

Low 

High 

0. 60 

0 

30 

1. 30 

0 

22 

- Azimuth 

Low 

Low 

0. 50 

179 

36 

0. 75 

172 

27 

of which lags that 

shown by 90 degrees. At the leading edge of the control 

signal, the azimuth error 

signal is added 

to the reference sum. 

During the 


next quarter cycle, the elevation error signal is subtracted from the refer- 
ence. The following quarter cycles subtract the azimuth and add the eleva- 
in that order. The control state sequence is given in Figure 69. 

An interface electronics assembly is required to convert the +3V, -50V 
50 Hz square-wave outputs of the tracking electronics to outputs required by 
the diode switches. In addition, a power supply module is required to provide 
± 1 5V power to the switches. At the time this assembly was designed, the 
power requirement of the switches was unknown, and the supply was selected 
on a very conservative basis. Input power to the interface electronics is 
^ ^ Hz, and the required output was assumed to be 300 mA maximum on 

each arm of the ±15V. The actual total requirements of the four switches is 
120 mA at +15V, and 26 mA at -15V. The power module must also provide 
supply voltage for internal logic circuitry. The internal logic circuits will 
operate from +5vdc supply which is derived from the +15vdc regulated output. 
Total current drain from the logic power will not exceed 50 mA. 
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Fig. 69 Control State Sequence 



A Monsanto MCL 600 integrated circuit (IC) is used to accomplish the logic 
conversion. This IC contains an optically isolated logic gate, which main- 
tains a high degree of isolation between the input and output of the converter 
circuit. The circuit schematic is shown in Figure 70, with an equivalent 
circuit of the tracking electronics signals. 

When the input voltage is at +3 volts, input current, Ip to the MCL 600 is 

E - V - V 

T _ 2 CE(SAT) F 


3. 0 - 0. 4 - 1. 15 
IK 


1 . 45 mA 


The worst-case current required to switch the MCL 600 is 1. 2 mA; there- 
fore, the output will change from logic 1 (3. 5vdc) to logic 0 (0. 2vdc). When 
the input is switched to the opposite condition, the input LED is reverse 
biased so that the output returns to the logic 1 state. Input diode reverse 
voltage is limited to one diode drop by DR1. The maximum reverse voltage 
for the LED used in the input to the MCL 600 is 3V, 


A test circuit was included in the design of this assembly to provide simulated 
FTD I and FTD II signals. This circuit, when operating, will switch the 
optically coupled isolation circuits so that the TTL compatible outputs are 
switched at 50 Hz in a phase quadrature relationship similar to the FTD 1/ 
FTD II input signals. This circuit consists of three integrated circuit 
packages and several discrete components. Two one-shot multivibrators 
are used to produce a 100-Hz clock pulse. This clock pulse is then used to 
clock a dual J-K flip-flop circuit to provide the desired output. A schematic 
diagram of this circuit is presented in Figure 71. 

It is necessary to provide +5 volt dc power for the operation of the logic level 
converter circuits as well as the integrated circuits used to provide the test 
output capability. In order to conserve power, the test circuit design 
incorporated low-power TTL circuits. The total IC current requirement is 
18 mA for normal operation and 43 mA in the test mode. 
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igure71. Test Circuit Schematic 



An LM309 5-volt regulator is used to derive 5V logic voltage from the 15V 
supply. This unit is available in the TO-5 package and is capable of supply- 
ing 50 mA of current at 50° C with no heat sink. No external components are 
required for the operation of this circuit; however, a 10-pf capacitor will 
be used, across the output to provide decoupling for the TTL circuits. 

The integrated circuits and discrete components for this assembly are con- 
tained on two connectors which are designed to accommodate dual in-line 
packages. The layout of the hardware is shown in Figure 7 2. Input/output 
connections are made through the use of a 1 6-pin component socket adapter 
and discrete components are mounted on the same type of adapter. The large 
adapter card, covering pins 1 through 8 of rows A, B, C, and D, contains the 
crossover wiring for insertion of the test output signals. When this board is 
in place as shown, the simulated FTD signals will be present at the output. 

For operation from the external inputs, this board must be removed. Dur- 
ing normal operation, the test circuits are not powered. The switching logic 
signals are brought out from the electronics board to two OSM coax connec- 
tors, and are connected to the switches through solid -jacket coax cables. 

This assembly, including power supply, electronics, and microwave switching 
hardware, is packaged in an aluminum housing which will provide protection 
from the elements during outdoor, year-round range measurement usage. 

The directional coupler for combining the sum and difference signals is 
mounted to one side of the box. Tracking signals and prime power are intro- 
duced to the assembly through two hermetic connectors. Mating plugs for 
these connectors are provided. The complete tracking network is shown in 
Figure 73, with all ports and connectors appropriately designated. 

2. 2. 7 Antenna Assembly 

The antenna reflector and support structure delivered under this contract was 
of conventional aluminum construction; no attempt was made to optimize the 
structural weight characteristics of that assembly. It was required, how- 
ever, that the configuration selected must have the potential of lightweight 
implementation, and the lightweight design data are provided. 
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Figure 73. Tracking Network Assembly 



2. 2. 7. 1 Deliverable Configuration 

Design of the deliverable antenna assembly, fabricated primarily of aluminum, 
is shown in Figure 74, This configuration differs from the lightweight 
version only in material and minor details which are due to the material 
difference, and in several aspects where changes were made for test and 
adjustment purposes. The design is based around a commercially available, 
spun aluminum reflector, with parameters as determined in Section 2. 2, 3, 

As received from the vendor, the reflector contour and surface finish were 
considered marginal for the type of measurements desired. In an attempt 
to improve these parameters the reflector was sent out to be reworked. The 
resulting surface was highly polished, but due to the manner in which the 
polishing was performed, the surface contour was improved only slightly. 
During alignment and test activity on the range, it was found that the polished 
surface presented a danger to personnel due to focused reflection of sun- 
light. The reflector was therefore given a light sandblast finish to remove 
the high degree of polish. 

To facilitate handling of the assembly during test and shipment, the structure 
was mounted on a large aluminum plate. The plate was intentionally made 
quite heavy to prevent distortions of the reflector and the feed/ reflector 
geometry which could result in erroneous and misleading test data. The 
reflector, feed network, and tracking network are independently mounted to 
the plate for maximum ease in accomplishing adjustments. A hole pattern 
for mounting the plate to an antenna positioner is provided in the plate. The 
hole pattern is 17 inches in diameter, with six equally spaced clearance holes 
for 3/8-inch bolts. The overall antenna assembly is shown in Figure 75. 

2.2. 7.2 Lightweight Configuration 

The lightweight configuration is based on a graphite/ epoxy composite material 
which provides a very lightweight structure with negligible thermal distor- ' 
tion in the space environment. The design is a result of an extensive MDAC 
IRAD program directed at optimization of weight and thermal characteristics 
of spacecraft antennas. Design details of this configuration are provided 
below, and a complete discussion of supporting data and rationale may be 
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Figure 75. Complete Antenna Assembly 
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found in the IRAD report, "Research and Development in the Use of Graphite/ 
Epoxy Composites in the Fabrication of Low Distortion Structures, 11 
MDC G40 35, which is provided as Addendum 1 ♦ 

Figure 7 6 gives a general view of the design of the 4-ft -diameter antenna. 
Figure 77 shows detailed views of the design. The dish is in accordance 
with MDAC proprietary design. The basic material used in this design is 
Modmor I graphite continuous filament (tow) tape prepreg with epoxy 
resin 828CL. This resin system has to be used if the present established 
lost-wax process is to be used. It is to be noted that there are nine ribs. 

This requirement of having the ribs in multiples of three 1 s is to maintain 
axial symmetry with respect to the tripod supporting the subreflector. 

Provisions for attachment of the feed horn were not made because details of 
a flight-weight model have not been established. Three attach points are 
provided on the antenna for attaching to the space vehicle. 

All metal fittings and bolts are made of titanium instead of aluminum because 

their a is about 5.3 x 1 0 " 6 in. /in. / °F versus that of about 13 x 10 " 6 in, / in. / ° F 

3 3 

for aluminum. The density of titanium is about 0. 16 lb/in. versus 0. 1 lb/in. 
for aluminum. Some weight reduction can be made by drilling concentrically 
through some of the fittings. Another approach to the fittings is to make 
billets out of chopped graphite fiber and epoxy and then machine them to the 
required contour. Some of the fittings may be made in this manner. The 
advantage will be a still lower a and less weight. 

The reflective face is made of six plies of (0° ±60°) s for a balanced construc- 
tion. The ribs and rings are made by spiral wrapping over wax rods and. 
also using tape running in the direction of the length of the member. 

A typical joint is shown in Figure 77. This is the joint at which the subreflec- 
tor struts attach to the reflector. The other face of this joint serves as the 
attach points of the antenna. At the joint the tube is filled with a preform by 
making a preform billet in a press and then cutting to the required, configura- 
tion. This preform is inserted in the rib during fabrication and the joint is 
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then reinforced with doublers, as shown. Doublers are used at all rib-ring 
intersections. The doublers in general are continuous prepreg tape with 
the filaments oriented in the direction of the ring or rib. 

Through the spool fits a titanium eye bolt, which threads into a titanium fork 
fitting, which picks up the ball-and-socket universal joint at the end of one of 
the tripod struts. 

The subreflector is supported by three tubular graphite/ epoxy struts set 
120 degrees apart. The struts have titanium end fittings. The end fitting 
attaching to the main reflector is a ball-and-socket universal joint which also 
allows adjustment of strut length. The end fitting attaching to the subreflector 
structure is a plain titanium tongue -and -fork joint. 

All three struts converge to a graphite/epoxy triangular flanged panel con- 
sisting of a balanced six-ply laminate. The attachment to this panel is by 
means of fork bolts. Oversize holes are provided for adjustment purposes. 

The subreflector is made of a graphite/ epoxy six-ply balanced laminate, and 
its rim is stabilized with a tubular ring. The reflector is attached to a 
graphite /epoxy tubular stem through a graphite /epoxy fitting. 

The stem telescopes into a larger -diameter graphite/epoxy tube. This 
allows distant adjustment of the spacing of subreflector from the main reflec- 
tor. This tube has a slit cut which allows the tube to be clamped over the 
inner tube by means of a metal clamp. At the upper end of this tube is a 
titanium ball joint for adjusting the angular position of the subreflector. The 
ball joint is attached to the triangular graphite panel through oversize holes 
for further adjustment of position. A clamping plate is provided to lock the 
subreflector in the desired angular position. 

As can be observed from the above description, sufficient means of adjustment 
is provided to allow the proper alignment of the subreflector with respect to 
the main reflector. 
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Preliminary estimated weight of the complete antenna is about 6 * 5 pounds 
with all titanium fittings, and somewhat less if the fittings are fabricated of 
graphite /epoxy . 

2. 2. 8 Final System Performance 

Upon completion of measurements on each component of the antenna subsystem, 
which had been performed on a near-field range and assembly of the subsys- 
tem, the complete antenna assembly was then tested on a far -field range. A 

988-foot range distance was established, which is more than twice the usual 

2 

for field requirement (2D / \ ) of 480 feet at the shortest wavelength of inter- 
est. The antenna was centered at a height of 16.2 feet on a fixture capable of 
providing axial over azimuth rotation. Range geometry was aligned within 
approximately 2 minutes of arc in both planes, using optical techniques. The 
illumination field was then probed over the dimensions of the antenna aper- 
tures, and the range was determined to be free of reflections to approximately 
-60 db. 


The antenna subsystem was assembled and aligned as close as possible, 
using optical methods, to the geometry determined in Section 2. 2. 3. The 
linearly polarized patterns obtained with this condition of adjustment were 
excellent, as shown in Figure 7 8. This pattern of the transmit channel, 
typical of those taken in four planes (0°, 90°, ±45°) at 14.650 GHz, shows 
the highest side lobe to be 24 db down, with remaining lobes falling off 
rapidly. No sidelobes higher than -40 db were found in the forward hemi- 
sphere beyond 36 degrees from boresight, and the highest cros s -polarized 
level is -33 db. The half-power beamwidth is 70 minutes of arc 
(1. 17 degrees), indicating an aperture efficiency of 84.22 percent. Gain was 
measured to be 43.21 db, yielding an overall efficiency of 59-84 percent. 

The electrical axis of the antenna was found to be approximately 1/4 degree 
off the mechanical axis to which the range had been aligned* With the two- 
axis positioner as described above, the beam could not be centered on the 
range except at one discrete roll angle. An axial over elevation over azimuth 
positioner would have overcome this difficulty, since precise electrical and 
mechanical axis alignment is not required, but the time required for 
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reconstruction and realignment of the range did not appear justified. The 
antenna subsystem was therefore realigned to make the two axes coincident. 

The results obtained after realignment of the antenna were not as good as 
those obtained previously. The adjustment was carried out by tilting the 
reflector to bring the beam to coincidence with the range axis, then adjusting 
feed network and subreflector for maximum gain. The gain and efficiency 
data for the linearly polarized subsystem, as finally aligned, is provided in 
Table 7, The gain degradation incurred by realignment is nearly 0. 4 db at 
14. 650 GHz, yielding a value of 54. 70 percent efficiency. The values for the 
receive channel at 13. 600 GHz are considerably better, 42. 65 db and 
61.09 percent efficiency. Also shown in Table 7 are gain and efficiency 
values adjusted to eliminate the losses due to VSWR of the final assembly 
which are shown in Table 8. This represents the gain which would be 
achieved if the ports were perfectly matched, a condition which could be 
approached with slight additional effort on the feed. The final alignment con- 
dition is obviously not optimum, but the contractual delivery schedule did not 
allow further effort. The achievable efficiency of this configuration, how- 
ever, is at least greater than 62 percent and likely to be somewhat higher. 

Effects of alignment can also be seen in the final patterns. Figures 79 
through 88. The first sidelobe is higher than the original configuration by 
typically 6 db, while other near-in lobes were decreased substantially. The 
average cross-polarization level increased slightly to approximately 30 db. 
Rotational symmetry of the patterns was maintained to a high degree, as will 
be seen in the pattern beamwidth summary of Table 9. 

The merits of the add-on polarizer approach are demonstrated in the cir- 
cularly polarized patterns and gain measurements. The circular patterns. 
Figures 89 through 98, did not change appreciably from the linear config- 
uration, and rotational symmetry was actually improved due to an apparent 
diffusing effect of the polarizer. Sidelobe levels increased to an average 
-16 db, an increase of 2 db from the linear, due primarily to the increased 
blockage ratio of the polarizer as discussed in Section 2.2.3. It was earlier 
pointed out that the polarizer slightly increased the beamwidth of the feedhorn. 
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Table 7 

GAIN AND EFFICIENCY RESULTS 



Port 2 

14. 650 GHz 

Port 1 

13. 600 GHz 


Original 

Alignment 

Final 

Alignment 

Final Alignment 

Maximum Gain — ~ — 
(db) ^ 

45. 44 

45. 44 


44. 79 


Measured Gain (db) 

43. 21 

42. 82 


42. 65 


Efficiency (%) 

59. 84 

54. 70 


61. 09 


VSWR Loss (db) 

0. 18 

0. 18 


0. 01 


Available Gain (if 
matched) (db) 

43. 39 

43. 00 


42. 66 


Available Efficiency 
(if matched) (%) 

62. 37 

57. 02 


61. 24 


Table 8 

VSWR OF ANTENNA SUBSYSTEM 

F requency 

VSWR 


F requency 

VSWR 

13. 500 

1. 45 


14. 550 


2. 20 

Port 1 13.600 

1. 10 

Port 2 

14. 650 


1. 50 

13. 700 

1. 30 


14. 750 


1. 50 


The effect of such broadening is to provide less taper across the aperture of 
the reflector, resulting in a somewhat narrower subsystem beamwidth and 

slightly higher sidelobes. Table 9 provides a summary of the measured beam- 
widths of both the linear and circular configurations, and shows the circularly 
polarized beamwidth reduction to be only 1-1 /Z percent. The increased side- 
lobe level due to the variation in aperture distribution can be assumed to be 
similarly negligible. The measured cross-polarization level increased 
significantly to approximately -23 db. Since ellipticity of the transmitter was 
maintained to 0.25 db maximum, -30 db is the minimum cross - polarization 
level which could be measured even with a perfectly circular antenna, so that 
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Figure 79. Port 2 E-Plane Pattern ~ Linear Polarization 14.650 GHz <p-0° 
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Figure 80. Port 2 H-Plane Pattern ~ Linear Polarization 14.650 GHz <p = 90° 
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Figure 83. Port 1 H-Plane Pattern ~ Linear Polarization 13.600 GHz 0 = 0° 
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Figure 84. Port 1 E-Plane Pattern ~ Linear Polarization 13.600 GHz 0 = 90° 
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Figure 85. Port 1 H-Plane Pattern ~ Linear Polarization 1 3.500 GHz 0 = 0° 
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Figure 86. Port 1 
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Figure 87. Port 4 Azimuth Difference Pattern ~ Linear Polarization 1 3.600 GHz 0=0° 



RELATIVE POWER ONE WAY ID6) 


CRtO 



Figure 88. Port 3 Elevation Difference Pattern Linear Polarization 13.600 GHz 0 - 90° 


Table 9 

FINAL MEASURED BEAMWIDTHS 


LINEAR POLARIZATION 


Freq 

(GHz) 

E-Plane 
(arc min) 

H-Plane 
(arc min) 

4> =: 45 
(arc min) 

= 315 

(arc min) 

Avg 

(arc min) 

Port 1 

13. 500 

75. 0 

75. 0 



75. 0 


13. 600 

77. 0 

73. 8 

75. 0 

75. 0 

75. 2 


13. 700 

77. 0 

70. 5 



73. 75 

Port 2 

14. 550 

70. 7 

70. 5 



70. 16 


14. 650 

70. 4 

66. 4 

72. 0 

71. 2 

70. 0 


14. 750 

75. 0 

63. 8 



69. 4 


CIRCULAR POLARIZATION 



(E) 

(H) 

45 

315 

Avg 


PoL Beam 


F req 

(arc 

(arc 

(arc 

(arc 

(arc 


Narrowing 


(GHz) 

min) 

min) 

min) 

min) 

min) 

Circ, /L. in. 

(%) 

Port 1 

13. 500 

75. 0 

73. 5 



74. 25 

0. 99 

i 

RHCP 

13. 600 

75. 0 

73. 1 

72. 4 

75. 0 

73. 9 

0. 983 

1. 7 


13. 700 

73. 1 

71. 2 



72. 15 

0. 979 

2. 1 

Port 2 

14. 550 

71.3 

69. 4 



70.35 

0. 995 

0. 5 

LHCP 

14. 650 

69. 4 

67. 5 

68. 6 

69. 4 

68. 7 

0. 982 

1. 8 


14. 750 

72. 7 

63. 8 



68. 25 

0. 984 

1. 6 


Avg Beam Narrowing Due to 

Polarizer 

0. 9855 

1. 45 


the increase in cross-polarization level can be attributed almost entirely to 
the measurement process. Measured gain decreased 0. 25 db and 0. 40 db on 
the receive and transmit channels, respectively. In Table 2, it was seen that 
the polarizer decreases blockage efficiency by 4. 8 percent, or 0. 21 db. This 
leaves only 0. 04 and 0. 19 db in receive and transmit channels, respectively, 
to be attributed to polarizer network insertion loss, pattern effects, and 
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Figure 89. Port 2 E-Plane Pattern ^ Circular Polarization 14.650 GHz 0 = 0° 
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Figure 90. Port 2 H-Plane Pattern ~ Circular Polarization 14.650 GHz 0 = 90° 
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Figure 91. Port 2 E-Plane Pattern ~ Circular Polarization 14.550 GHz 0 = 0° 
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Figure 92. Port 2 E-Plane Pattern ~ Circular Polarization 14.750 GHz 0 = 0° 
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Figure 93. Port 1 H-Plane Pattern ~ Circular Polarization 13.600 GHz 0 = 0° 
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Figure 94. Port 1 E-Plane Pattern ~ Circular Polarization 1 3.600 GHz <p - 90° 
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Figure 95. Port 1 E-Plane Pattern ^ Circular Polarization 13.500 GHz <j> - 90° 
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Figure 96. Port 1 E-Plane Pattern ~ Circular Polarization 13.700 GHz0= 90° 
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. Port 3 Elevation Difference Pattern ~ Circular Polarization 13.500 GHz 0 = 90° 


Figure 97 
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Figure 98. Port 4 Azimuth Difference Pattern ~ Circular Polarization 13.500 GHz 0=0° 







measurement error. The polarizer, then, is seen to be essentially free of 
gain degrading effects, other than the increased blockage which would be 
eliminated in any future iteration of the design. Overall efficiency of the 
circularly polarized antenna subsystem, as delivered, is 57.67 percent at 
13. 600 GHz and, 49. 89 percent at 14. 650 GHz. Patterns were also measured 
in the configuration for transmitting left-hand circular polarization and 
receiving right; these patterns are essentially identical to the delivered con- 
figuration. 

Patterns of the azimuth and elevation tracking signals, as derived through the 
complete antenna subsystem, are shown in Figures 99 and 100, respectively. 
The unmodulated reference sum signal (solid pattern) is shown for comparison. 
To obtain these patterns, the switches of the tracking network were biased to 
provide continuous addition or subtraction of the difference signals, as 
required, for each pattern cut. In actual operation, the tracking network 
output is a signal modulated between the two levels of the two dashed curves 
for any particular angle encountered. The degree of modulation versus bore- 
sight angle is plotted in Figure 101. The design goal of 20 ±2 percent per 
degree modulation was achieved over approximately twice the 3-db beamwidth. 
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Figure 100. Elevation Tracking Pattern 







Section 3 

PROGRAM SUMMARY 


A complete working breadboard model of a K-band single-channel 
monopulse antenna was developed, with primary emphasis on efficiency and 
bandwidth of each component. The major elements of the subsystem include 
a near-field multimode feed, optimized Cas segrainian geometry, an add-on 
circular polarizer, and a single-channel tracking network. Due to funding 
limitations, the reflectors were not of flight quality and imposed a severe 
limitation on the efficiency achievable with the breadboard model. The 
efficiency which would be obtainable with a flight-quality antenna are shown 
in Section 3. 1.6 to exceed 70 percent. 

3. 1 PERFORMANCE VERSUS SPECIFICATIONS 

The antenna specifications established in the contract were delineated in 
Section 2. 1, The performance achieved with the antenna subsystem is dis- 
cussed relative to the specifications in the following paragraphs. 

3.1.1 Polarization 

Circular polarization is achieved with an add-on, or separable, polarizer. 
As delivered, the antenna is configured to transmit right-hand circular and 
receive left. Rotation of the polarizer by 90 degrees adapts the antenna to 
a transmit left and receive right configuration. Removal of the unit results 
in transmission of horizontal linear polarization and reception of vertical 
linear. Ellipticity of the polarizer is less than 2 db across the required 
frequency band, and less than 1/2 db over the receive band. 

3. 1. 2 Power Handling 

All components utilized in the antenna subsystem are inherently capable of 
handling the required 50 watts of transmitter power. The delivered sub- 
system is expected to be capable of operating with considerably greater 
power. 
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3.1.3 Transmit-Receive Isolation 

Measurement of the isolation between transmit and receive channels was 
inadvertently omitted in the final subsystem measurements, but study of the 
pattern data indicates a considerable degree of isolation. This isolation is 
achieved primarily in the orthomode transducer, which has an inherent value 
greater than 40 db, but is degraded by reflections in the feed network and 
the reflector assembly. It is expected that the isolation achieved is on the 
order of 30 db or greater. 

3.1.4 Error Signal Modulation Level 

The modulation level of each of the monopulse tracking error signals on the 
receive sum signal is within the 20 ± 2 percent per degree specification. 
Modulation effects on the transmit channel were not measurable. 

3.1.5 Apollo Tracking Electronics Compatibility 

An interface electronics assembly is provided to adapt the +3, -50 volt 
switching signals of the Apollo tracking electronics to the 0, +5 volt signals 
required by the tracking network. An internal power supply is used to pro- 
vide ±15 volt power for the switches as well as +5 volt power for the inter- 
face logic. The internal supply requires 115 volt, 60 Hz prime power. In 
addition, an internal circuit for simulation of the FTD I and FTD II switching 
signals is provided for test purposes. 

3.1.6 Antenna Efficiency 

The measured gain and efficiency values achieved with the antenna subsystem 
are shown in Table 10. The design goal parameters were predicated on a 
reflector surface error of approximately 0,010 inch, rather than the 
0 . 030- inch tolerance of the commercial grade reflector. Even with the 
nearly 9 percent loss incurred with the larger surface error, the values 
achieved are relatively close to the design goals. 

A breakdown of individual elements contributing to the overall efficiency is 
given in Table 11. Intermediate products of efficiency which are of particu- 
lar interest are bracketed in that table. The values for illumination taper 
and spillover were calculated from the patterns of the feed network. The 
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Table 10 

DELIVERED SYSTEM EFFICIENCY 




Original 


Final Configuration 


Configuration 

Polarization 

Frequency 


Alignment 

Linear 

14.650 

GHz 

Linear 

Circular 

Design 

Goal 

13. 600 
GHz 

14. 650 
GHz 

13. 600 
GHz 

14. 650 
GHz 

Gain max 
(db) 

45. 44 

45. 44 

44. 79 

45. 44 

44. 79 

45. 44 

Gain 

measured 

(db) 

43. 36 

43. 21 

42. 65 

42. 82 

42. 40 

42. 42 

r| measured 
(%) 

62 

59. 84 

61. 09 

54. 70 

57. 67 

49. 89 


product of these terms yields the aperture efficiency, which can be com- 
pared to the beamwidth efficiency, a, which is derived from measured 
beamwidths in Table 12. The similarity of these aperture efficiency values, 
determined in different manners, lends considerable credence to the analyti- 
cal values. All effects not specifically accounted for, such as VSWR, ohmic 
and interactive loss are included in the value for feed network loss. The 
resulting feed efficiency is seen to be quite high, even including some losses 
which likely do not belong in that category. 

The reflector surface error is based on the 0.030-inch tolerance of the 
reflector and 0.020 inch on the subreflector. Cr os s -polar ization efficiency 
is estimated from the pattern results. Any loss due to surface reflectivity, 
which is very difficult to measure, was included in the lump sum ascribed 
to the feed network. 

A value of potential efficiency is given in Table 11 for each frequency and 
configuration. This represents the overall antenna efficiency which would 
be obtained with a flight-quality reflector with a contour tolerance of 
±0. 010 inch, with the feed network ports matched to provide a maximum 
VSWR of 1.5:1 and with the antenna geometry adapted to optimize blockage 
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Table 1 1 

EFFICIENCY BREAKDOWN 




Original 

Configuration 

Linear 



Final Configuration 






Linear 



Circular 


Loss Mechanism 

Design 

Goal 

14, 650 
GHz 

13.600 

GHz 


14. 650 
GHz 

13. 600 
GHz 


14. 650 
GHz 

Illumination Tapes, r\^ 

93 

92 



92 




Spillover, 

89 

94. 4 



94. 4 




E Aperture Efficiency, 

^ ^g] 

[82. 8] 

[86.8] 



[86. 8] 




C Measured Aperture 
Efficiency, o'] 


[85.9] 


[84.7] 



[85. 9 ] 


Blockage, r| b 

93 

89. 3 


89. 3 



84. 5 


Feed Network, 

H x m 
m e 

86 

95 

97 


87 

97 


84 

Feed Efficiency, % 

66. 2 

73. 7 

75. 2 


67. 5 

71. 2 


61.6 

Reflector Surface 

Error, ri x r\, 

‘r *h 

97 

82 



82 




Cross Polarization, n 

‘x 

98 

99 



99 




Overall Antenna, rj 

62. 9 

59. 8 

61. 1 


54. 7 

57. 7 


49.9 

Potential, rj 


71. 5 

70. 1 


65. 4 

69. 7 


62. 8 



Table 12 

APERTURE EFFICIENCY 


BW = a ^ Minimum a for circular aperture is 58. 5 deg. 


Polarization 

Frequency 

BW . 
min 

(deg) 

BW 

meas 

(deg) 

a 

Average 

Efficiency 

(%) 


13. 50 

1 . 066 

1. 25 

68. 68 



13. 60 

1. 058 

1. 25 

69. 24 


§ 

13. 70 

1. 051 

1. 229 

68. 29 


W 

£ 

14. 55 

0. 989 

1. 177 

69. 63 


I— ( 

14.65 

0. 983 

1. 167 

69. 44 



14. 75 

0. 976 

1. 157 

69. 26 



Avg 



69. 09 

84. 67 


13. 50 


1. 238 

67.99 



1 3. 60 


1. 232 

68. 05 


< 

a 

13. 70 


1. 203 

66. 81 


o 

14. 55 


1. 173 

69. 38 


0 

14. 65 


1. 145 

68. 15 


u 







14. 75 


1. 138 

68. 1 1 



Avg 



68. 08 

85. 93 


in the circularly polarized configuration. These factors are readily achiev- 
able and would be expected in a flight configuration subsystem. Under these 
conditions, it is anticipated that an overall antenna subsystem efficiency 
exceeding 70 percent across the frequency band is achievable with the 
antenna configuration developed on this contract, and for larger reflectors 
for which the aperture blockage can be less, efficiencies greater than 
75 percent can be obtained. 

3. 1.7 Pointing Accuracy 

The pointing accuracy of the antenna is dependent upon characteristics of 
the Apollo tracking electronics and therefore was not directly measurable. 
However, the tracking modulation levels are within the desired range, and 
the receive sum and difference patterns are exceptionally stable with 
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frequency and demonstrate excellent null depths, so the pointing accuracy 
is expected to be well within the 1-db beamwidth. 

3. 1.8 Lightweight Implementation 

Design data for a lightweight, thermally stable antenna configuration of 
graphite/epoxy composite construction is provided. The estimated weight 
for this configuration is less than 6. 5 pounds for the reflectors and support- 
ing structure. A flight- weight configuration of the feed network and tracking 
network is estimated to weigh an additional 3 and 2 pounds, respectively, 
resulting in an overall antenna subsystem weight of approximately 
11.5 pounds . 

3.1.9 Operating Frequency 

The antenna subsystem operates satisfactorily over the 13. 500- to 
13. 700-GHz and 14. 550- to 14. 750-GHz frequency bands required for 
receiving and transmitting, respectively. The subsystem appears to be 
capable of operating at high efficiency over even greater bandwidths. 

3. 2 POTENTIAL AREAS OF IMPROVEMENT 

The commercial-quality parabolic reflector imposes a severe limitation on 
the efficiency achievable with the antenna subsystem. Losses due to the 
reflector contour amount to approximately 0.6 db more than would be 
encountered with a flight-quality reflector. Side lobe and cros s -polarization 
levels which would be achievable with a precise reflector are difficult to 
determine. It would therefore appear quite beneficial to develop a flight- 
quality reflector and supporting structure for a more realistic evaluation of 
subsystem performance. 

The space-filter network utilized for circular polarization is capable (Sec- 
tion 2. 2. 5) of considerably better performance than that obtained with the 
delivered configuration. Further development effort, particularly to deter- 
mine the source of troublesome resonance effects and to derive an analytical 
basis for subsequent polarizer designs, is indicated. 

Several parameters of the delivered configuration, such as blockage in the 
circularly polarized configuration and the VSWR of the feed network ports, 
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which are not at their optimum values, are readily correctable in subsequent 
design iterations, and require no further development effort. A combined 
analytical and experimental investigation to thoroughly resolve the question 
of near-field phase center and corresponding selection of subreflector con- 
tour (Section 2. 2. 4. 3) , should be performed in order to determine the opti- 
mum near-field configur ation. 

3.3 APPLICATIONS 

Although designed specifically for use on ear th- orbiting spacecraft, the 
antenna subsystem and associated techniques developed on this contract have 
wide areas of application. The significantly high efficiency achieved with the 
near-field multimode configuration would be of increasing value with increas- 
ing gain requirements, permitting the use of smaller reflector diameters 
for equal gain. 

The 48-inch-diameter reflector of this subsystem is about the minimum 
size for which the Cas segrainian configuration is the optimum choice for 
this frequency of operation. However, the multimode feed network as a 
prime-focus feed is equally beneficial. The efficiency loss incurred by 
adapting from a near-field to far-field conf igur ation is approximately 4 per- 
cent (less than 0. 2 db), so the high efficiency characteristics of the multi- 
mode feed are readily applicable to smaller antenna implementations . 

As a nontracking feed, elimination of the tracking couplers removes a major 
limitation on antenna bandwidth, and the multimode network is capable of 
providing exceptionally high efficiency over a bandwidth of 20 to 25 percent. 
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